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Copenhagen Broadcasting House 


By FREDERIK HEEGAARD 
Post and Telegraph Administration, Copenhagen, Denmark, 


and EIGIL COHRT 
Standard Electric A/S, Copenhagen, Denmark 


OPENHAGEN BROADCASTING 

HOUSE was built and put in service 

during the war. In planning the build- 
ings, careful attention was given to obtaining 
adequate sound insulation among the studios. 
This was obtained by building each studio as a 
separate structure with its own foundation. In 
addition, Broadcasting House is near the center 
of town and noises from the streets surrounding 
it must not penetrate to the studios. These 
street noises are reduced by screening the studios 
with the office and administration buildings, 
the concert hall, and by other structures. This 
arrangement is evident from Fig. 1. 


1. Studios 


The studio block is divided through the middle 
by a wide hall with bays, arranged as a lobby 
for the artists. From the lobby, a studio is 
entered by passing through at least two sound- 
proof doors connected by an acoustically heavily 
damped corridor, which acts as a sound-trap. 
Associated with each studio is a control room 
intended for supervision and control of broad- 
casts and rehearsals in the studio; access to this 
room is also obtained from the sound-trap. 
Large triple glass windows provide visibility 
between the studios and their control rooms 
without sound leakage. In several cases, a second 
studio control room is common to two studios, 
thereby making it possible to operate them as 


one. Studios 2 and 3 are an example of this. 
Table I gives data on studios 2 to 8. 

In addition, there are a concert hall and three 
small lecture studios. The former, which is shown 
in the frontispiece, will accommodate 100 musi- 
cians, a choir of 100, and about 1200 auditors. Its 
volumeis12,000cubic meters (423,700 cubic feet). 
The auditors may enter directly from the street. 
The lecture studios are in the administration block 
with direct access for the lecturers from the main 
hall. To obtain the necessary sound insulation, 
these three studios are provided with floating 
floors, walls, and ceilings. Two echo rooms of 
different characteristics are in the studio block. 

The technical department is located centrally 
above the studio hall; it consists of a large am- 
plifier room with the amplifiers mounted in two 
rows of steel cabinets, a room containing the 
switching system for connections to the studios, 
three main control rooms, four sound-recording 
rooms, and a couple of offices for the operating 
management. This central position of the tech- 
nical installations is convenient in view of the 
fairly complicated cabling between the studios, 
studio control, main control, amplifier, record- 
ing, and relay rooms. 


2. Program Circuits 


All program circuits have been laid as single- 
pair paper-insulated cables with a special screen 
insulated from the lead cover. To decrease cross 
talk, the pairs have been twisted with two 


TABLE I 
Stup1o CHARACTERISTICS 


Studio Service 


Orchestra, Medium Size 
Orchestra, Small 
Soloist, Chamber Music 


Soloist, Plays 
Plays 
Speech in Plays 


CONDA Ur Who 


Discussions, Small Cabaret with Audience 730 25,776 


Vetome Reverberation 
Time in Seconds 


Cubic Meters ec 


Cubic Feet 

2480 87,669 1:2 

1450 51,200 Variable 
475 16,782 0.7 


414 14,618 
1050 47,076 
47 1,660 
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different pitches, one for cables carrying high to fit the needs of the particular type of pro- 
signal levels and the other for low-level cables. gram. Each microphone is connected to an A 
A view of the amplifier room is shown in Fig. 2. amplifier, all of which are located in the ampli- 

The amplifier equipment may be divided into fier room. The A amplifiers are one-stage push- 
the following main groups: (A) program sources, pull units, three of which are mounted on a single 
(B) switching and signaling systems, (C) program _ panel and share a common power supply as may 
channels, (D) output patching panel, (E) control be seen in Fig. 3. The signal from the A amplifier 
apparatus, (F) sound recording system, and (G) then passes through a bridged-T mixing pad 
talk-back equipment. mounted on a desk, shown in Fig. 4, in the 

A program source may consist of a studio studio control room. Next in the circuit is a B 
or a combination of studios with their micro- amplifier. This is a_ three-stage resistance- 
phones and amplifier system, a telephone line coupled amplifier with negative feedback, con- 
transmitting an outside program, or a play-_ taining its own power supply. Then follows the 
back apparatus for recorded programs. In each main regulating fader, also mounted on the 
studio, a number of microphones may be used _ studio control desk, which is connected through 
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Fig. 1—Plan view of Copenhagen Broadcasting House. The central studio building is screened extensively from 
city noises by the various administrative and other buildings surrounding it. 
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COPENHAGEN BROADCASTING HOUSE 


a transformer to an 
appropriate switching 
system. 

The lines carrying 
outside programs to 
Broadcasting House 
arrive in two cables, 
which also contain the 
outgoing lines to the 
transmitters and to the 
Copenhagen repeater 
station. The outside- 
broadcast lines are 
connected through line 
transformers, variable 
equalizers, attenuators, 
and, if required, A 
amplifiers, before going 
to the switching points. 

In principle, the play- 
back apparatus in the 
recording rooms and 
elsewhere are connected 
to the switching system in the same way as 
described for the studios. In this instance, A 
amplifiers have been omitted, the level being 
higher. They are provided with the necessary 
equalizing networks and scratch filters. 

The programs pass from the studio controls, 
through the switching system, into one of three 
program channels, each having four inputs. 
Each channel input is provided with a listening 
key and mixer, while each channel has also a 
main attenuator. In addition, there are three 
channels of a simpler type having one input 
only and no attenuators. These three so-called 
“common channels’”’ are used for rehearsals and 
for uncomplicated sound recordings requiring no 
special arrangements. 

To stage, supervise, and control complicated 
broadcasts involving several studios, an arrange- 
ment called the “dramatic control’? has been 
developed. It consists of a special control desk 
with six input channels and one output with the 
necessary controls. It may be connected between 
the studio control and the main control by the 
automatic switching system, and provides for 
full control of the broadcast. The dramatic con- 
trol can handle programs from all studios, but is 
arranged to provide visual supervision of studios 
6, 7, 8, and 9. This dramatic control also permits 
the introduction of variable equalizers to give 


Fig. 


2—Part of the amplifier room. 


special effects to certain studios or echoes. A 
studio amplifier similar to the B amplifier com- 
pensates for the losses introduced in the mixer. 


3. Switching 


All switching between program sources and 
channel or dramatic inputs is done automatically. 
The switching of microphone leads, volume con- 
trols, and signaling system is done in one opera- 
tion, reducing substantially the possibilities for 
mistakes. 

The switching system must have a very high 
degree of reliability, and at the same time must 


Fig. 3—A group of three A amplifiers mounted on a 
single panel. These amplifiers are connected to the micro- 
phones to provide both gain and isolation. 
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Fig. 4—Studio control desk. 


be very flexible and simple in operation. Because 
of the amplification employed, switching must 
be entirely free from induced, capacitive, and 
microphonic noises. There are 21 channel inputs 
to which a maximum of 100 program sources may 
be connected. An entirely satisfactory system 
has been built with the same kind of apparatus 
and switches used in public and private auto- 
matic rotary telephone systems of Standard 
Electric manufacture. All relays are provided 
with split contact springs and double spherical 
contacts. 

Switching is based on a coordinate system with 
relays at the intersecting points. The selection 
of the proper relay is determined by a control 
circuit that receives key-sent numbers and 
selects and operates the correct relay. The relay 
locks electrically and releases the control circuit 
for another call. To minimize the number of 
digits to be sent and to safeguard against mis- 
takes, a channel of a particular control desk may 
be selected only from that desk. A distinction 
is also made between selection of a program and 
selection of an echo room; a three-position key 
in one position will permit only program selec- 
tion and in another only echo-room selection. 

Progress lamps on the control desks indicate 
when the control circuit is ready to receive the 
digits and when the selection is finished. Busy 
lamps indicate the channels in use. As an extra 
safeguard, each program channel or echo room 
is provided with a two-digit number-indicator 
operated from the control circuit during selec- 
tion. It permits the operator to check imme- 
diately that the correct number has been sent 
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and that the appropriate selection has taken 
place. The indicator remains in position until 
the connection is released, thus permitting the 
operator at any time to know which program 
source is connected to any particular channel. 
This relay connection is under the control of a 
locked release key on the main control desk, 
and the relay may be released by depressing this 
key momentarily. 

Program connections may be set up prior to 
starting a broadcast by opening the attenuators 
of the channel, thereby permitting a change 
from one program to another by further opera- 
tion of the attenuators only, without waiting 
for selection of circuits by relays. 

In case of faults on lines, attenuators, or 
connecting relays, a program may be trans- 
ferred from one channel to another on the same 
or another control desk without interruption. 
The new connection is made while the old is still 
in service, and the program faded from the 
faulty circuit to the new one. 

Routine test circuits have been provided by 
which all the functions of the control circuits 


may be checked. Faults that might cause delay 





Fig. 5—The two-stage C amplifier, which also provides 
limiting action to prevent overmodulation. Two C ampli- 
fiers are mounted on a single panel. 
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COPENHAGEN BROADCASTING 


in operation may thus 
be avoided. Two con- 
trol circuits are pro- 
vided and are utilized 
alternatively; thus, if 
one should be faulty, 
the second is always 
ready for use. 

Particular care is 
taken to insure the 
system against cross 
talk and noise, by spe- 
cial screening and by 
keeping microphone 
and signaling leads 
completely separated 
throughout the system. 
No such troubles have 
been observed during 
the five years of op- 
eration. 

A C amplifier is con- 
nected between the program source and the 
output switching panel. The C amplifier, shown 
in Fig. 5, consists of two two-stage resistance- 
coupled amplifiers, connected through a limiter 
to prevent the output level from rising above 
the value that corresponds to full modulation of 
the transmitter. 

The program channels are operated from the 
three main control rooms. These are adjacent to 
the amplifier room, which may be viewed through 
large triple glass windows. Each of the three con- 
trol rooms may operate one of the three pro- 
gram channels as well as all of the common 
channels. In each control room, all the different 
operations may be accomplished at the main 
control desk shown in Fig. 6. 

For visual supervision of the program level, 
each channel output has been connected to a 
modulation meter with instruments on main and 
studio control desks. In principle, the modula- 
tion meter or tone meter is a rectifier obeying 
a logarithmic law and having a quick charge and 
slow discharge characteristic, so that peak volt- 
ages may be read. They are light-beam instru- 
ments with a very short time constant; being 
calibrated in nepers, the scale is practically 
linear. The upper part of the scale, corresponding 
to modulation of the transmitters above 80 per- 
cent, is red so that danger of overmodulation 
will be immediately apparent. When a studio is 


HOUSE 


Fig. 6—Main control desk. The amplifier room is visible to the operator 
through large triple windows. 


connected to a channel input, the instrument in 
the corresponding studio control room is auto- 
matically connected to the modulation meter of 
the channel in use. 

Each control desk includes an output patching 
panel where, by means of a manual coordinate 
switchboard, the outputs of the C amplifiers 
associated with the channels are connected to 
the inputs of D amplifiers connected to the out- 
going lines. 

The D amplifiers are two-stage resistance- 
coupled amplifiers with low output impedance, 
so that they supply constant voltage to lines of 
varying impedances. Their outputs are con- 
nected to the ‘‘program consumers,” i.e., the 
broadcasting transmitters, the Copenhagen re- 
peater station for broadcasts to foreign coun- 
tries, the recording rooms, and the loudspeaker 
channels. 

The lines used for recording pass from the D 
amplifiers to the four recording studios through 
special recording amplifiers, which are power 
amplifiers similar to the loudspeaker amplifiers. 
Two of the recording studios are each provided 
with two wax recorders and two cellulose re- 
corders, and have in addition play-back ap- 
paratus for cellulose and ordinary commercial 
records. The wax recorders are combined with 
play-back apparatus, The other two sound- 
recording studios are provided with tandem 





ELECTRICAL COMMUNICATION 


magnetophone equipment to permit continuous 
magnetic recording and reproduction using 
plastic tape. A reproducer for commercial sound 
motion pictures is also available. A small an- 
nouncer’s studio is provided near the recording 
rooms to be used when recording or playing back 
programs. 

Loudspeakers have been installed in studios, 
studio control rooms, and main control rooms 
for supervision of programs and for talk-back 
from studio control rooms to studios. The input 
to this system is taken from a separate D 
amplifier connected to each channel output. 
Feedback in the studios is avoided by attenuat- 
ing the studio loudspeaker as soon as the attenua- 
tor of any microphone in the studio is opened. 
When talking back from control room to studio, 
a microphone placed on the control desk is cut 
in by a key, which also attenuates the control- 
room loudspeaker output. 

A loudspeaker distribution system serves all 
offices, Council Hall, canteen, etc. The system 
accommodates four program channels, thus 
enabling the staff to listen to rehearsals as well 
as the running program. The loudspeakers re- 
quire no amplifiers as the program lines are 
operated at high level from 40-watt amplifiers 
manufactured at the shops of the Post and 
Telegraph Administration. 

Over the frequency range from 30 to 10,000 
cycles per second, the total amplification from 
microphone to line does not deviate more than 
+0.2 neper (1.7 decibels) from the value at 800 
cycles. At a total amplification in the system 
of 9.5 nepers (82.5 decibels), the noise voltage at 
the output of a D amplifier will not exceed 5 
millivolts. In the range from 100 to 10,000 
cycles, the distortion factor for the complete 
amplifier chain must not exceed 1 percent and 
from 30 to 100 cycles it must be less than 4 per- 
cent. The distortion factors are, in fact, con- 
siderably lower. 


4, Signaling 


A signaling system provides for the essential 
cooperation among all factors concerned with a 
broadcast transmission. The automatic switching 
system connects all the signaling and program 


circuits at the same time, thereby assuring 
readiness of the signaling system when required 
and avoiding separate operations with their 
possibilities of error. 

The system includes red warning lamps and 
blue end-of-program lamps together with the 
necessary operating keys. The red lamps are 
displayed in the studio proper, on a signal stand 
in the studio, outside the studio entrance, on 
the studio control desk, and on the channels on 
the main control desk. The blue lamps are dis- 
played on the studio signal stand, the studio 
control desk, and on the channels of the main 
control desk. Mounted on the wall in the three 
control rooms and in the sound recording rooms 
are signal boards on which the red and the blue 
lamps of each studio are represented. 

An instant before a program is to go on the 
air, the control-desk operator—studio or main—- 
in charge of this broadcast gives a microphone 
warning signal by flashing the red lights and 
then operating them steadily. In the case of de- 
lay in the studio, the studio manager may oper- 
ate the microphone blocking key and continue 
the flashing, thereby indicating that the con- 
nection may not yet be made. When ready, he 
will restore his key and produce a steady red 
light. At the end of the program, the studio 
manager will switch on a blue light, the end-of- 
program signal, and the control desk will open 
the connection, thereby extinguishing the red 
light. 

Connections among the various points of im- 
portance, such as studios and control desks may 
also be obtained by telephone through a private 
automatic branch exchange. As it may be of 
importance to obtain immediate communication 
with a certain party, the connection will be 
established even if the called line is busy; a 
warning tone will indicate that a third party is 
on the line. 

The studios, buildings, and amplifier equip- 
ment were designed by the Broadcast Depart- 
ment of the Post and Telegraph Administration 
and manufactured by Standard Electric A/S, 
Copenhagen, who also designed and manufac- 
tured the switching equipment, desks, loud- 
speaker cabinets, and similar facilities. 





Zurich Automatic Tandem Toll Exchange 


By G. KLINGELFUSS 
Standard Telephone and Radio S. A., Berne, Switzerland 


URING the past 20 years, very great 

progress has been made in the auto- 

matization of the telephone service in 
Switzerland. Now, about 95 percent of the 
450,000 subscribers have automatic switching 
service, and within a few years the entire net- 
work will be automatic. 

After the city and rural networks were con- 
verted to automatic operation, most of the 
fundamental problems of long-distance auto- 
matic telephony, such as impulse transmission 
over long lines and metering of calls by time and 
distance, were solved. The next advance was to 
provide automatic service between subscribers 
of different network groups. 

As a temporary solution, long-distance dialing 
by operators was introduced, whereby the toll 
operator at the outgoing end dialed directly the 
number of the wanted subscriber in another city. 

The first application of direct automatic toll 
switching by subscribers in different city areas 
equipped with rotary-system exchanges was in- 
troduced in 1933 between Basle and Zurich. 
Similar services were provided between Berne 
and Lausanne with Strowger equipment. The 
first application of interworking between two 
different systems was between Lausanne and 
Geneva with Strowger and rotary equipment, 
respectively. 

The good results obtained on these automatic 
toll circuits encouraged their extension. A funda- 
mental plan for automatic operation of the Swiss 
toll network had been prepared by the Swiss 
administration and was elaborated on jointly by 
Bell Telephone Manufacturing Company and 
Standard Telephones and Cables, Limited, giving 
full consideration to switching, signaling, and 
transmission requirements. 

The Swiss telephone network includes three 
different automatic systems, Hasler, rotary, and 
Siemens. It was necessary, therefore, to establish 
fundamental requirements for their interworking. 
For this purpose, the Swiss administration pre- 
pared a master specification that contained all 


the requirements essential to reliable interopera- 
tion. 

These specifications concerned not only signal- 
ing, but transmission requirements over long- 
distance lines, with fixed repeaters and with 
switched repeaters connected at tandem points. 
The repeater problems were still to be solved, 
particularly, switched repeaters with automatic 
gain control. The Swiss administration adopted 
for all three systems the principles of switched 
repeaters developed and recommended by Bell- 
Standard. 

The three manufacturers were requested to 
submit models of every circuit involved in 
automatic toll switching. The three models were 
interconnected over real toll-line circuits of the 
greatest length met with in Switzerland using 
both fixed and switched repeaters. For signaling, 
50-cycle-per-second alternating current was used. 

The Swiss automatic toll network in its final 
stage is shown in Fig. 1. It is comprised of 10 
primary centers and about 40 secondary or end 
exchanges. Each toll center is equipped with 
repeaters and associated switching apparatus. 
The toll end exchanges have direct trunks to 
the toll centers to which they are assigned. 

Three-digit prefixes starting with 0 were as- 
signed to the primary and secondary exchanges 
(Zurich 051). The third digit determines whether 
the call is destined to remain in the primary 
center group (51) or has to be extended to an 
end exchange assigned to this center (Winter- 
thur 052, Schaffhausen 053). 


1. Toll Center Zurich 


Zurich is the largest and most important toll 
center of Switzerland. It handles about 20 to 
25 ‘percent of the total telephone traffic and 
consists of 11 city exchanges of 10,000 lines 
with 3 satellite exchanges of the 7-A1 and 7-A2 
rotary system and 50 rural exchanges of the 7-D 
type. It may be interesting to note that the first 
rotary exchange at Zurich-Hottingen was put 
in service in 1917 and is still in operation. 
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Fig. 1—Automatic toll network of Switzerland. 


Zurich also hasa very 
important national and 
international toll traf- 
fic, being the largest 
commercial and indus- 
trial center of the 
country. Consequently, 
it is also the most im- 
portant toll switching 
point. 

The first equipment 
for the present auto- 
matic toll exchange 
was ordered in 1937. 
A new building, shown 
in Fig. 2, was erected 
for this purpose next 
to an existing build- 
ing, in which the 
manual toll exchange, Fig. 2—Building housing the automatic toll exchange and repeater station in Zurich. 
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Fig. 3—General view of the automatic toll exchange. 


rural main exchange, and repeater station are 
located. 

The automatic toll equipment, shown in Fig. 3, 
is located on the third floor, and the repeater 
station is on the floor directly below. This ar- 
rangement requires only very short cable runs 
to the repeaters, which are located in both the 
automatic toll switching room and in the re- 
peater station. 

The first installation of automatic toll equip- 
ment, which was placed in service in 1939, 
consisted only of apparatus for the outgoing 
terminal toll traffic originated by Zurich city 
and rural subscribers and of equipment for 
handling connections established by manual 
toll operators on incoming national or inter- 
national toll lines. The equipment for incoming 
terminal traffic destined for Zurich city and 
rural subscribers is located in the old building 
and was also extended and adapted to the 
administration’s master specification. 

During the war, several extensions were made 


and, in 1945, equipment for automatic tandem 
toll operation was put in service, whereby for 
the first time automatic switched repeaters were 
used in the rotary system. Through this de- 
velopment, Zurich became the largest and most 
important tandem point for automatic toll 
switching. 

A simplified junction diagram of the Zurich 
automatic toll exchange in its present stage is 
shown in Fig. 4. The actual equipment occupies 
a floor space of 550 square meters (5918 square 
feet), and completely fills the room. Future ex- 
tensions will have to be located on the floor 
above. 


2. Toll Traffic Originated by City and Rural 
Subscribers 


To establish an automatic toll connection, a 
subscriber first dials a three-digit toll prefix 
(021 to 099) followed by the number of the 
wanted subscriber, which may be of two, five, 
or six digits. 


T-Al EXCHANGES 


INTERMEDIATE FINDERS 


WNCOMING TERMINAL TOLL LINES (S0~ & 3000.) 


INCOMING TANDEM TOLL 
2- AND 4- WIRE LINES 
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LD] SmITCHED REPEATER 
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Fig. 4—Simplified junction diagram of the Zurich 
automatic toll exchange. 
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Fig. 5—Selective trunk circuits from 7-Al 
local exchanges. 


With the dialing of 0 as the first digit, the 
calling subscriber is extended through a selective 
trunk circuit to the automatic toll exchange. 


3. Selective Trunk Circuits 


There are three different classes of selective 
trunk circuits: 

A. Toll traffic originated by city subscribers, 

B. Toll traffic originated by rural subscribers, 


C. Incoming calls on manual or international toll lines 
that are to be extended to the automz ic toll network. 


The selective trunk circuits froi the city ex- 
changes are divided into two different classes: 
incoming from 7-A1, shown in Fig. 5, and from 
7-A2 exchanges. 

In the 7-A1 exchanges, a toll or auxiliary reg- 
ister is attached to the local register when a 
subscriber dials 0 as the first digit. The auxiliary 
register remains attached until all digits are 
sent out. 


For the selective trunks from 7-A2 exchanges, 
the toll register is located in the automatic toll 
exchange and the 7-A2 local registers are ar- 
ranged for sending up to 9 digits into the toll 
register. 

. The selective trunks from the local exchanges 
are combined with a time-and-zone metering 
circuit and are equipped with three step-by-step 
selectors of which one serves for the selection of 
the direction, one for determining the tariff 
according to the dialed toll prefix, and one for 
producing a number of artificial tandem selec- 
tions as may be required. 

A tariff-control circuit is also attached to 
handle networks with mixed tariffs. 

The selective trunk circuits for the automatic 
toll traffic originated by rural subscribers are 
inserted between the rural main exchange in 
Zurich and the automatic toll equipment. During 
the selection time, an impulse repeater is at- 
tached to the selective trunk circuit and is con- 
trolled by the auxiliary register in the rural 
center exchange. This type of selective trunk 
circuit has no time-and-zone metering circuit 
because the tariff is determined in the outgoing 
rural center exchange. . 

The selective trunk circuit for the toll traffic 
from the manual toll board is similar to that from 
the rural network. It appears on the toll-opera- 
tor positions and also on twin jacks on the cord- 
circuit repeater positions for connections that 
require a cord-circuit repeater with automatic 
gain control. The toll operator dials only two- 
digit toll prefixes, because the 0 is not required 
in this case. 

There are a number of common circuits used 
with the selective trunk circuits, such as, master 
time-control circuit, impulse sender circuit, and 
delayed back release circuit. 


4. Incoming Toll Lines 


The incoming toll lines are divided into two 
classes, which are fundamentally different: 
terminal lines and tandem lines. 

The incoming terminal lines carry only traffic 
destined for city and rural subscribers of the 
Zurich group. 

The incoming tandem lines are for the transit 
traffic passing through Zurich to other toll 
primary or toll end-exchange groups. Overflow 
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facilities are provided so that when all terminal 
lines are busy, traffic may enter over tandem 
lines. 

The incoming tandem lines are further divided 
into primary and secondary groups. The primary 
or main lines carry the incoming traffic from 
other primary groups, whereas the secondary 
lines handle traffic from the toll end-exchange 
groups. 

The tandem primary lines are again sub- 
divided into 2-wire and 4-wire lines, which are 
shown in Figs. 6 and 7. 

The 2-wire lines are arranged for 50-cycle 
signaling, whereas the 4-wire lines, which are 
used for operation on 12-channel carrier systems, 
are arranged for 3000-cycle signaling. 

The incoming tandem toll lines have access 
by means of a finder to the switching equipment 
for repeaters with automatic gain control. 

The 2-wire lines are equipped with individual 
networks. 

Each incoming tandem toll line is provided 
with a switch for connecting the line in the 


Fig. 6—Incoming 2-wire tandem toll lines. 


Fig. 7—Incoming 4-wire tandem toll lines. 


wanted direction, as determined by the digits 
received from the far end. 

The incoming tandem lines are connected to 
the arcs of the intermediate finders via cross- 
connecting points. 


Incoming terminal traffic on tandem lines in 
case of overflow, is routed through another group 
of intermediate finders, incoming cord circuits, 
and incoming registers to the local or rural 
exchanges, as the case may be. 


5. Intermediate Finder Circuits 


The intermediate finder circuits, shown in 
Fig. 8, are used for concentrating the traffic be- 
tween the selecting equipment and the outgoing 
toll lines. As will be seen from the junction dia- 
gram, there are three divisional groups of inter- 
mediate finders on the arcs of which are termi- 
nated: 


A. Selective trunks, 
B. Incoming tandem primary lines, 
C. Incoming tandem secondary lines. 


In the direction of secondary toll centers, there 
are two stages of intermediate finders. The first 
intermediate finders include equipment for the 
selection of the wanted direction. These may 
be seen in Fig. 9. 

The intermediate finders assigned to the in- 
coming tandem toll lines are arranged to provide 












for overflow from outgoing terminal lines to out- 
going tandem lines (X and Y directions) in case 
all terminal lines in a wanted direction are busy. 

A further group of intermediate finder circuits 
are provided for routing incorrect toll calls for 
nonexistant toll prefixes to an operator’s posi- 
tion. 

The intermediate finders are arranged for 
gradual starting and, to reduce hunting time, 
starting occurs at the same time the finders of 
the free outgoing toll lines of the wanted direc- 
tion are set in motion. 









6. Outgoing Toll Line Circuits 






Each outgoing toll line is terminated on a 
backward-hunting finder. These circuits, illus- 
trated in Fig. 10, are subdivided into two main 
groups, viz., primary lines leading to other 
primary or toll centers and secondary lines 
connected to secondary or toll end exchanges. 
The lines of the first group are again sub- 
divided into terminal and tandem lines for each 


Fig. 8—Intermediate finder equipment. 
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Fig. 9—Intermediate finder circuits with 
direction markers. 












direction according to the transmission grade. 
Overflow facilities are provided and, when all 
terminal lines in a certain direction are busy, the 
terminating traffic will be routed over tandem 
lines of the proper direction. This operation is 
determined by the preceding selective trunking 
equipment. 

On directions with a great number of lines, 
gradual starting circuits are provided so that 
only a limited number of free finders will hunt 
simultaneously when a certain direction is 
selected. 

The outgoing terminal lines are grouped into 
TE1 and TE2 lines. The TE/ terminal lines, 
to which only the outgoing traffic originated by 
the Zurich city and rural subscribers is routed, 
are not equipped with networks as such connec- 
tions never require the insertion of a switched 
repeater. 

The JTE2 terminal lines to which incoming 
tandem lines also have access are, however, 
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equipped with individual networks in case tan- 
dem connections with switched repeaters are to 
be established. For this purpose, each line circuit 
is also equipped for line-loss signaling. 

The line-loss indication will always be signaled 
because the circuit does not know where the 
switched repeaters are connected. This signal 
is transmitted at the moment the outgoing toll 
line is connected, i.e., normally at the same time 
the starting impulse is sent towards the distant 
exchange. 

Direct-current impulses received by the out- 
going toll circuit from the local or rural exchanges 
are translated into alternating-current impulses 
for transmission to the distant end of the out- 
going toll line. 


7. Switched Repeaters and Automatic Gain 
Control 


Switched repeaters are automatically intro- 
duced on tandem connections. Standard 2-wire 
repeaters have been adapted for this purpose. 
Each switched repeater circuit is combined with a 
gain-control circuit consisting of a number of 
relays and two variable pads for the incoming 
and outgoing lines. The finder, by which the 
automatic repeater is connected to the incoming 
line, consists of 11 brushes of which 2X4 serve 
for the through connection of the talking and net- 
work leads of the incoming and outgoing side. 

The repeater connecting and regulating equip- 
ment is located in the switch room, whereas the 
repeaters and gain-control circuits are mounted 
in the repeater room on the floor below. 

The automatic-gain-control circuits may be 
seen in Fig. 11 and each consists of four variable 
pads, which can be regulated in 1-decibel steps 
up to 15 decibels. The switched repeaters are 
set to give a gain of 17 decibels (1.96 nepers). 
In the idle position of the repeater, all pads are 
inserted so that the effective gain is reduced to 
2 decibels. As soon as a repeater is switched in, 
the gain is automatically adjusted to meet the 
circuit needs. 

For setting gain, three distinct indications are 
required. 


A. Loss value of the incoming toll line, 


B. Whether the gain of the switched repeater is to be 
adjusted to compensate for the loss in the incoming toll 


line or to equal the sum of the loss values of both toll lines, 
minus 9 decibels (1 neper), 


C. Loss in the outgoing toll lines. When the gain-control 
relays receive a loss indication from the incoming toll line 
only, the gain of the repeater is set to equal this loss. 


On the connections terminating in the Zurich 
local or rural area, no repeater is used. This is 
indicated by the setting of the marker switch of 
the incoming line. 
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Fig. 10—Outgoing 2-wire toll lines with 50-cycle 
signaling sets. 
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8. Signaling Systems 


Two different systems of signaling are used in 
the Swiss automatic toll system. 

For relatively short 2-wire lines, 50-cycle 
signaling is used. The signaling current is re- 
layed to bypass the line repeaters. 

With the introduction of 12-channel carrier 
systems in the toll cable network, it became 
necessary to develop a new voice-frequency 
signaling system. For this purpose, Standard 
Telephone and Radio and the Swiss administra- 
tion jointly have developed a single-frequency 
3000-cycle signaling system. 


9. Tandem Connections Over 4-Wire Lines 


With the introduction of 12-channel carrier 
systems, incoming and outgoing 4-wire line 
circuits were provided to allow the following 
through connections: 


A. 2-wire to 4-wire lines, 
B. 4-wire to 2-wire lines, 
C. 4-wire to 4-wire lines. 


The incoming and outgoing 4-wire lines are 
terminated on 4-wire terminating sets. 
When 4-wire lines are connected to 2-wire lines, 
the 3000-cycle signal- 
ing impulses incoming 
on the 4-wire circuit 
are retransmitted as 
50-cycle impulses to 
the outgoing 2-wire 
line, and vice versa. 
For connections be- 
tween 4-wire lines, the 
tail-eating method is 
used and allows sim- 
ple switching by avoid- 
ing the use of a great 
number of relay con- 
tacts. 


10. Installed Equip- 
ment 


The Zurich auto- 
matic toll exchange 
has the following 
number of principal 
circuits. 
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Incoming selective trunk circuits from 7-A1 
local exchanges, 


7 Incoming selective trunk circuits from 7-A2 
local exchanges, 


Incoming selective trunk circuits from 7-D 
rural exchanges, 


20 Incoming selective trunk circuits from 
manual toll operators, 

344 Incoming 2-wire tandem toll lines, 

150 

460 


180 


Incoming 4-wire tandem toll lines, 
Incoming 2-wire terminal toll lines, 
Repeater-connecting and gain-regulating 
circuits, 

1790 Intermediate finder circuits, 
432 


702 Outgoing 2-wire toll lines, 


Intermediate finder circuits with markers, 


150 Outgoing 4-wire toll lines. 


With the rapid increase of toll traffic in 
Switzerland, the Zurich automatic toll exchange 
will be developed further. International toll 
traffic will undoubtedly introduce new switching 
problems in automatic operation and these will 
be the subject of further studies in automatic 
toll switching. 
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Fig. 11—Pads for automatic gain control of switched repeaters. 





Emergency Operation of SOJ-12 Carrier Telephone Systems 


By J. M. CLARA and E. SERRA CALABUIG 
Compajita Telefonica Nacional de Espatta, Madrid, Spain 


traffic capacity of the toll routes of Spain 

by the use of 12-channel open-wire car- 
rier telephone systems were started in 1946. 
The carrier equipment is the SOJ-12 system 
manufactured by Standard. Telephones and 
Cables, Limited, of London. A description is 
given of how the circuits on the Madrid—Barce- 
lona route were restored on an emergency basis. 
This was facilitated by the self-aligning feature 
of the repeaters and receiving terminals. Al- 
though some increase in unintelligible inter- 
system cross talk would be expected under such 
conditions, this was not found to be serious 
enough to prevent commercial use of the circuits. 


P= EXTENSIONS for increasing the 


During the past ten years, well-known difficul- 
ties have delayed telephone development in 
Spain, where, commencing in 1924, the Com- 
pafiia Telef6nica Nacional de Espafia, then an 
associate of the International Telephone and 
Telegraph Corporation, had achieved great 
progress in the development and quality of its 
service. Within the limitations. imposed. by 
world-wide difficulties, efforts were made to 
normalize the service and, before the close of 
World War II, plans had been formulated to 
provide quick relief for the congested toll service 
between the most important Spanish cities; this 
construction was to be started once the war was 
over. , 

The toll routes of Spain were totally recon- 
structed approximately twenty years ago; they 
have been kept at an extremely high grade of 
maintenance and, having repaired the damages 
that resulted from the civil war of our country, 
at the end of the war we had available a toll 
plant consisting mostly of open-wire line in first- 
class condition. It was therefore decided that 
the first major relief to be given for a period 
of 3 to 5 years would be based on. applying 
single-, 3-, and 12-channel carrier systems to 
existing open wire, this having the additional 
advantage that it required the minimum use of 
copper, which was in very short supply. 


In 1943, a plan was developed for the installa- 
tion of a number of SOJ 12-channel carrier 
systems, the installation of which is now well 
advanced. As a description of the over-all plan 
is beyond the scope of the present paper, we will 
limit the discussion to experiences during abnor- 
mal circumstances where the equipment worked 
successfully even though the operating margins 
for which it had been designed were considerably 
exceeded. 

The first route on which SOJ 12-channel 
carrier was applied was Madrid—Barcelona, via 
Valencia, this having been modified to provide 
the necessary transpositions so that a number of 
systems could operate on the same pole line. 
Three SOJ systems were cut into service between 
October, 1946, and January, 1947. 

There existed some apprehension that in the 
event of a major line failure we would be in 
serious difficulties, since there were no alternate 
routes for 12-channel carrier operation. Un- 
fortunately, this situation occurred in early 
March, 1947, when, as a result of exceptionally 
long-continued rains. and melting snows, floods 
interrupted all types of communication in 
different parts of Spain. 

At the point indicated in the accompanying 
map, the Madrid—Barcelona route crosses the 
Jarama River with a 200-meter (656-foot) open- 
wire span. To obtain correct wire separation and 
proper transposition spacing, the wires were 
supported by three crossarm fixtures suspended 
at 50-meter (164-foot) intervals from messenger 
strands fastened to special H structures at each 
side of the river. The H structures consisted of 
specially selected tall creosoted pine poles 
fastened to concrete bases located on the down- 
river side of the highway approaches to the 
bridge. In addition to wires, crossarms, and 
messenger strand, these poles supported a special 
strand to facilitate line maintenance over the 
river with the use of a lineman’s cable chair. 

The rising river flooded the valley and washed 
out some 200 meters (656 feet) of the eastern 
highway approach to the bridge, which remained 
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Left—The Jarama River crossing and the bridge as they originally appeared. The tall H structures, shown anchored 
in concrete bases, were washed down, causing loss of SOJ line facilities between Madrid and Barcelona. Right—The 
frames, which provided for proper spacing and transposition of the line wires, were supported at 50-meter intervals on 
messenger strands. The bracket in the open space at the middle of the frame, and just below the top crossarm, sup- 
ported a messenger strand for linemen’s cable chairs. 
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View of the bridge after the flood. Remains of one of the H structures are in the right foreground. All land between the end 
of the bridge and the distant right was washed out. The poles lashed to the bridge railing support the emergency lines. 
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isolated. The force of the flood and the cuiting 
of a new river channel caused the fall of the H 
structure at the eastern side of the bridge, and 
the line thus fell for a distance of nearly 600 
meters (1969 feet). 

The first indication of the river-crossing failure 
was observed at noon on March 5th, when the 
circuits on the lower arm and two pairs on the 
top arm were grounded. This put out of opera- 
tion one of the three SOJ systems, and left no 
spare transposed pairs for carrier. As a trial 
emergency measure, the out-of-service SOJ sys- 
tem was transferred to a Pinto—Cuenca pair of 
the second arm, and the Tarancon repeater of 
this SOJ system was cut out of service; this 
latter being necessary 
because no patching ar- 
rangements existed at 
Tarancon to make use 
of the circuit for SOJ- 
system operation. In 
spite of the difference 
in transmission levels, 
and the fact that the 
pair was not trans- 
posed for carrier fre- 
quencies, the three 
SOJ systems func- 
tioned satisfactorily on 
this basis for seven 
hours until the rising 
river washed out the 
whole crossing. 

Consideration was 
immediately given to 
the use of some other 
line facilities for the 
SOJ systems until such 
time as the normal 
route could be tem- 
porarily repaired. The 
only two _ possibilities 
were the Pinto—Aran- 
juez—Chinchon-Vil- 
larejo route (96 kilo- 
meters, or 59.7 miles), 
and the Pinto—Aran- 
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juez—Quintanar de la 
Orden—Tarancon route 
(156 kilometers, or 96.9 
miles), in which the 








Aranjuez—Chinchon-Villarejo and the Quintanar 
de la Orden—Tarancon sections are secondary or 
almost rural routes. 

The emergency circuits were made up of 1000 
meters (3281 feet) of 0.4-millimeter (0.16-inch) 
subscriber cable, and various sections of 2- and 
3-millimeter (0.08- and 0.12-inch) copper open- 
wire line, partly on brackets. 

Patching to obtain through connections was 
made with rubber-insulated twisted-pair drop 
wire of 0.8-millimeter (0.32-inch) phosphor- 
bronze conductor, this being readily at hand. 
Work was carried out with difficulty as the 
area was flooded and most highways and roads 
were cut. Nevertheless, at 7:00 PM the same day, 


TO NEXT REPEATER (CUENCA), 83 KM, 
OTHER REPEATERS, AND 
VALENCIA AND BARCELONA 
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To ALBACETE 
AND MURCIA 


Map of the area in which emergency measures were necessary. The heavy line indi- 
cates the routing of the Madrid—Barcelona SOJ systems. The light line and dashed 
lines indicate a secondary or rural route, and the emergency interconnections, respectively. 
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an SOJ and a 3-channel system were placed in 
operation over the Pinto—Aranjuez—Quintanar 
de la Orden-Tarancon route, and at 3:00 the 
following morning, a second SOJ and a second 
3-channel system were operating over the Pinto— 
Aranjuez—Villarejo—Tarancon route, thus giving 
16 speech channels over each of the two emer- 
gency routes. No physical pairs were available 
for the re-establishment of the third SOJ 
system. 

During these rerouting operations, prepara- 
tions were made for temporary repair of the 
break at the Jarama River crossing on the normal 
main route. Light barges were hauled by truck 
to the nearest bridge approach, and in the early 
hours of March “th an attempt was made to 
cross the river, but this was suspended owing to 
whirlpools and debris and the swiftness of the 
current. 

At considerable personal risk and discomfort, 
line wire, drop wire, and sky rockets were partly 
carried and partly swum to the Pinto side of the 
bridge, which had remained standing like an 
island in the river. From there a line attached 
to a rocket was shot over the new 200-meter- 
widerriver channel to the Perales side. The rock- 
ets used were the largest that could be obtained 
of the type used in fireworks displays. Once this 
line was across, drop wires were pulled through 


View of the emergency lines on crossarms with diagonal 
brackets. The authors are in the foreground. 


this swift current and service re-established. 
It is interesting to note that with the passing 
of but one twisted pair across the river, 16 
speech circuits (12 SOJ-system, one 3-channel- 
carrier, and one voice-frequency) were obtained. 
In fact, as the SOJ system had been previously 
turned on and was ready for operation, at the 
moment of connecting one wire of the river- 
crossing pair to open-wire temporary termina- 
tion poles, all channels of the SOJ system com- 
menced to operate even though the other wire 
of the circuit had not yet been splice *, so demon- 
strating one of the peculiarities of this high- 
frequency carrier equipment. 

The emergency wire used in this temporary 
repair consisted of rubber-covered twisted pair 
with 0.8-millimeter phosphor-bronze conductor. 
Approximately 500 meters (1640 feet) of this 
wire were spliced into each pair of the damaged 
section, half the length being fastened to the side 
of the bridge and the other half supported in a 
ring run suspended from a messenger cable strung 
over the new river channel; the river span was too 
wide for the drop wires to be self supporting. 
For the carrier pairs, one twisted pair was used 
for each conductor, these being separated from 
each other and the other wires by about 15 centi- 
meters (6 inches) in the 250-meter (820-feot) 
section along the bridge. Separation between 
wires and circuits was, of course, impossible in 
the ring run over the new river channel. As 
each of these pairs were re-established, the three 
SOJ systems, as well as the other carrier systems, 
were transferred from their temporary rerouting 
back to-this route; all functioned satisfactorily 
in spite of the impedance irregularity and close 
physical association of the wires at the crossing. 

The permanent rebuilding of the Jarama 
River crossing will take considerable time, and 
once the river has completely subsided, a pro- 
visional reconstruction is proposed. However, 
at the time of this writing (May, 1947), after two 
months of operation over the emergency river 
crossing, the three SOJ and four 3-channel 
carrier systems continue functioning without any 
abnormalities, and with scarcely any impairment 
in quality of service. It will, of course, be 
necessary to reinstate the affected line section 
to its former standards of construction in order 
to ensure continued and satisfactory service and 
to maintain the previous standards of low inter- 
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Ring run over the new 200-meter channel. In spite of the loss of wire spacing in each circuit, and the close 
proximity of all circuits, the SOJ and 3-channel systems operated satisfactorily. 


system cross talk under varying conditions of 
line attenuation with changes in weather. 

Our former fears as to difficulties which might 
be encountered in the use of SOJ 12-channel 
systems in the event of a major line break not 
only have been dissipated, but we have also 








found that the characteristics of the 12-channel 
carrier equipment make it possible to re-estab- 
lish a large number of communication channels 
over damaged line facilities with a speed difficult 
if not impossible to obtain where only voice- 
frequency equipment is available. 









pid teen Alloy Dust Cores* 


By S. E. BUCKLEY 
Standard Telephones and Cables, Limited, London, England 


HE DEVELOPMENT of dust cores to 
meet the increasing demand for use in 
telecommunications equipment is out- 

lined. Requirements for such uses are defined, a 
high and constant permeability and low losses in 
the core being the most important. Amongst the 
materials used for dust cores described are elec- 
trolytic iron, Permalloy (nickel-iron), and molyb- 
denum-—Permalloy. 

The constancy of permeability and its influ- 
ence on design, the question of calculating the 
dust-core permeability from inherent properties 
of the metal, and core losses are discussed ; some 
figures are given illustrating the result of reduc- 
ing core-loss coefficients over the course of dust- 
core development. 

The effective resistances at audio frequencies 
of dust-cored coils of various materials are 
compared. 


1. Performance Requirements of Magnetic 
Dust Cores 


The first large-scale uses of ferromagnetic 
materials in electrical engineering were princi- 
pally in equipment for the generation and 
distribution of electrical power. In these applica- 
tions, the use of magnetic material in sheet form 
in the construction of generators and trans- 
formers has been common practice for many 
years. With the continuous development of 
telephony and telegraphy, and related tele- 
communications systems, the scope of use of 
ferromagnetic materials was greatly increased. 
The performance required of magnetic materials 
in telecommunications equipment covers a very 
wide range and is often of a very specialized 
nature and the problems encountered are con- 
siderably more complex than those in power 
engineering. In this paper, the manner in which 
dust cores, more especially nickel-iron alloy 





* Reprinted from ‘Symposium on Powder Metallurgy,” 
The Iron and Steel Institute, London, England, pp. 59-63; 
May, 1947. 


dust cores, have been developed to meet some 
of these special requirements will be considered. 
The general requirements for a magnetic dust 
core are as follows. The core permeability must be 
reasonably high and must remain constant over a 
wide range of induced flux density, and also over 
a wide range of frequency. The permeability 
must remain constant with time, and the varia- 
tions due to temperature changes and to acci- 
dental overloads must be small. The total losses 
occurring in the core must be low, and in many 
instances it is important for the hysteresis loss 
to be especially small. The process of manu- 
facture has to be controlled so that the various 
requirements are all met within narrow limits 
of tolerance. In addition to meeting the electrical 
performance required, the cores must be suffi- 
ciently robust to withstand the subsequent 
handling entailed in such operations as coil 
winding, adjusting, impregnating, and potting. 
The manner in which the core performance re- 
quirements led to the development and com- 
mercial production of dust cores may be stated 
briefly. In order to reduce eddy-current losses 
in the core, subdivision of the magnetic material 
in a direction perpendicular to that of the mag- 
netic flux is necessary. The practical achieve- 
ment of this requirement is illustrated by core 
constructions in which the magnetic material 
takes the form of thin insulated laminations or 
fine wire. Although this construction results in a 
reduction of eddy-current losses it does not 
ensure constancy of permeability under the 
various conditions already mentioned. To obtain 
this constancy, the magnetic material must be 
subdivided to introduce air-gaps in a direction 
perpendicular to the plane of lamination; for 
example, in a ring core, radial air-gaps are neces- 
sary. Thus, for some applications, the core 
would need to be assembled from spaced sectors 
of material, the sectors consisting either of 
stacks of ‘insulated thin laminations, or else of 
strands of insulated thin wire bonded together. 
This general type of construction is cumbersome 
and costly, although it was used at one time for 
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loading-coil cores for telephone lines. A more 
practical commercial solution to the problem 
was sought. 


2. Outline of Progress in Core Development 


It had been appreciated for a long time, as is 
shown by a suggestion made by Heaviside,! in 
1887, that a core composed of finely divided iron 
insulated, for example, with wax might exhibit 
the desired properties. Although cores of this 
type can have low losses and other desirable 
characteristics, the permeability obtainable is 
very low. It was not until the advantages of 
using forming pressures of the order of 100 tons 
per square inch were demonstrated, that the 
large-scale production of high-permeability dust 
cores was achieved. This development by the 
Bell Telephone Laboratories? in America was 
given impetus during the first World War, 
when the supply from Europe of diamond dies 
for the drawing of fine iron wire was stopped, 
and hence the production of iron-wire cores was 
jeopardized. 


3. Electrolytic-Iron Dust Cores 


The outline of the core technique then de- 
veloped was as follows. Pure iron was deposited 
electrolytically under conditions which yielded 
a brittle product. The brittle iron was ball-milled 
to produce iron powder, which was next coated 
successively with zinc and shellac, and then 
pressed at about 100 tons per square inch into 
cores of permeability 35. The cores thus obtained 
had losses which were low enough for the cores 
to be used in loading (Pupin) coils for insertion 
in telephone-cable circuits and in other high- 
quality coils included in telephone-circuit equip- 
ment. The type of core which had previously been 
used consisted of fine iron wire wound into to- 
roidal form and then cut radially to introduce 
stabilizing air gaps. The performance of the 
dust cores was greatly superior to that of the 
wire cores. 


4. Permalloy Dust Cores 


After the publication, in 1923, of Arnold and 
Elmen’s* paper on Permalloy, the magnetic 





1Q. Heaviside, The Electrician, p. 302; February 11, 1887. 

2 B. Speed and G. W. Elmen, Transuctions of the Ameri- 
can Institute of Electrical Engineers, v. 40, p. 596; 1921. 

3H. D. Arnold and G. W. Elmen, Journal of the Franklin 
Institute, v. 195, n. 5, p. 621; 1923. 
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properties of nickel-iron alloys attracted con- 
siderable attention. It had been demonstrated 
that after suitable treatment, including especial 
care in heat treatment, these alloys exhibited 
much higher permeabilities and yet a much 
lower hysteresis loss than previously known 
materials. Since the nickel—iron alloys in sheet 
form had such excellent properties, the possi- 
bility of obtaining improved dust cores by using 
the alloys in dust form was apparent. Various 
methods of producing alloy powders have been 
suggested. However, it is important to remember 
that the magnetic properties of a metal or alloy, 
in common with many other physical properties, 
are determined by the crystalline structure of 
the material as well as by its chemical composi- 
tion. Thus, in many instances, a material which 
exhibits good magnetic properties when in the 
solid form may be reduced to powder but, owing 
to the treatment involved in the powdering 
process, the magnetic properties are completely 
changed. Hence the process must be developed 
to produce powder which retains as far as possible 
the inherent magnetic properties of the solid 
material. A number of processes were investi- 
gated for the production in powder form of 
nickel-iron alloys containing approximately 80 
per cent of nickel. The first of these methods for 
large-scale production is described in a paper by 
W. J. Shackelton and I. G. Barber,’ published in 
1928. Nickel and iron are melted together and a 
controlled amount of sulphur is allowed to 
remain in the melt so that when the ingots are 
subsequently hot-rolled, and then allowed to 
cool, a thin layer of sulphide separates out at the 
grain boundaries. The relative proportions of 
manganese and sulphur in the material must be 
so arranged that the alloy is sufficiently malleable 
to roll while hot, and yet sufficiently brittle on 
cooling for slabs 1/4 inch in thickness to be 
readily broken up. Fig. 1 is a photomicrograph 
showing the polygonal crystals separated by the 
sulphide layer. On pulverizing the slab, disinte- 
gration occurs at the grain boundaries so that 
the particles of powder correspond generally to 
the crystals seen in the slab. Fig. 2 shows the 
appearance of the particles and confirms how 
they resemble the grains in the structure shown 

4W. J. Shackelton and I. G. Barber, Transactions of the 


American Institute of Electrical Engineers, v. 47, p. 429; 
1928. 
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Fig. 1—Section of brittle molybdenum- Fig. 2—Molybdenum-—Permalloy Fig. 3—Section of pressed molybdenum— 


Permalloy. 


in Fig. 1. Since the alloy has been work-hardened 
in the pulverizing process, it is annealed before 
proceeding to the stages of insulating and press- 
ing. During the anneal some sintering occurs, but 
the original state of fineness is restored by light 
repulverizing. The annealed powder is next 
insulated by coating the particles with a thin 
layer of ceramic-type material which must with- 
stand the subsequent pressing and core-anneal- 
ing operations without rupturing. The insulated 
powder is pressed into cores at pressures up to 
100 tons per square inch. The cohesion of these 
cores is derived mainly from the interlocking of 
the particles but, as already stated, the insulat- 
ing layer must withstand this distortion during 
pressing. The high pressure which is necessary 
to produce close packing of the particles ad- 
versely affects the magnetic properties of the 
core, so that annealing of the pressed core is 
necessary in order to develop the desired proper- 
ties. From powder containing approximately 
80eper cent of nickel, dust cores of permeability 
100 were produced. Although this permeability 
was much higher than that of the electrolytic- 
iron dust cores, the losses in the alloy dust cores 
were considerably lower, thus enabling a con- 
siderable reduction in core size to be made for a 
given coil performance. 


5. Molybdenum-Permalloy Dust Cores 


Further development of alloys of the Perm- 
alloy type in sheet form led to the development 
of nickel-iron alloys containing small percentages 


dust. Permalloy dust core. 


of other elements. Thus 3.5 molybdenum-— 
Permalloy, containing 3.5 per cent of molyb- 
denum, has a higher initial permeability than 
the straight nickel-iron alloy, and has the addi- 
tional advantages of lower hysteresis and lower 
eddy-current losses. Moreover, the heat treat- 
ment of molybdenum—Permalloy is much simpler 
and less critical than that of the straight alloy. 
The same general principles that were used for 
making 80-per-cent nickel-iron alloy dust cores 
were applied to making cores of 2:81 molyb- 
denum-nickel-iron.* A number of improvements 
in the process were introduced and cores of 
permeability 125 were developed. Despite the 
higher permeability, the characteristics of these 
cores are superior in all respects to those of the 
previous type of permeability 100. 

A section of a pressed dust core is shown in 
Fig. 3. Comparison with Figs. 1 and 2 shows the 
progressive stages by which the grains of the 
original solid material proceed through pulveriz- 
ing to the final insulated and pressed state. 
The average particle size in the core is 0.002 inch. 


6. Constancy of Permeability of Dust Cores 


Fig. 4 compares the change of permeability 
with applied magnetizing force of sheet materials 
with corresponding dust cores. There has been 
considerable discussion as to the calculation of 
dust-core permeability from the inherent proper- 


5G. W. Elmen, Journal of the Franklin Institute, v. 207, 
p. 583; 1929. 

6 V. E. Legg and F. J. Given, Transactions of the Ameri- 
can Institute of Electrical Engineers, v. 59, p. 865; 1940. 
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ties of the material.? Although the matter is not 
yet finally settied, the following elementary 
treatment gives a good illustration of the effect, 
and claims to be no more than an illustration. 

Let the relative length of magnetic particles to 
insulating material effective in the direction of 
the magnetic flux in the core be /:a. Let the 
permeability of the solid material be 4; and the 
permeability of the dust core be uw. Then, by 
the usual reluctance relationship for the mag- 
netic circuit, 


ree ey 
b Mi 
From this, 
_bai(l+a) | 
l+au. 


If the effective ratio of /:a is 100:1, the following 
corresponding values of solid-material and dust- 
core permeabilities would result: 


10,000 100,000 
100 101 


Solid Material: 1000 

Dust Core: 92 
7G. W. O. Howe, 23;. pi 29ts 
November, 1946. 
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Fig. 4—Variation of permeability with magnetizing 
field for sheet and dust-core materials. 
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Fig. 5—Variation of permeability with frequency of thin 
molybdenum—Permalloy tape and dust core. 


As already stated, the treatment given here is 
approximate only, and for further consideration 
the reference already quoted may be consulted, 
but the general manner in which the gap ratio 
has a stabilizing effect on the permeability of the 
dust core is demonstrated. 

Similarly, Fig. 5, which compares the change 
with frequency of the permeability of thin tape 
material with that of a dust core, illustrates the 
stabilizing effect of the gaps. 


7. Core Losses of Dust Cores 


In electrical power engineering it is usual to 
express the magnetic core losses in the form of 
watts loss per pound or per kilogramme. In 
communications engineering, interest is usually 
centred on the effective resistance in ohms of a 
coil, so that an expression of core losses in the 
form ohms per henry (inductance) is generally 
used. It has been established**® that the core 
loss of a dust core, or of a sheet magnetic material 
at low flux densities, may be expressed in the 
form 


- = (aBnto)ftef?, 


8V. E. Legg, Bell System Technical Journal, v. 15, p. 39; 
1936. 
9H. Jordan, Elektrische Nachrichten-Technik, v. 1, p. 7; 
24. 
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where AR=core loss in ohms, 
w=core permeability, 
L=inductance in henries, 
f=frequency in cycles per second, 
a=hysteresis coefficient of core loss, 
c=residual coefficient of core loss, 
e=eddy-current coefficient of core loss, 

B,,=maximum flux density induced in 
the core. 


The progress which has been made in reducing 
core-loss coefficients in the successive stages of 
dust-core development is shown in Table I. 


TABLE I 





| Eddy- 
Perme- 





Hyst s| Resid 1| 
Material ability lon — esdual c oo 
axioe | cx10° exiG? 
Electrolytic-iron dust 35 49 109 88 
80:20 Permalloy dust 100 5.0 60 30 
2:81 molybdenum- 125 1.2 sz 22 


Permalloy dust | | 





The reduction of hysteresis and residual losses is 
due to improvements in the magnetic quality 
of the materials. The reduction of eddy-current 
loss arises from higher electrical resistivity of the 
alloys. 


8. Resistance Characteristics of Dust-Cored 
Coils 


Fig. 6 shows the relative values of effective 
resistance at audio frequencies of coils wound on 
equal-sized cores (30 cubic centimetres) of the 
different materials. The great improvement ob- 
tained by using Permalloy cores is very apparent. 
It would be possible to design a coil on an electro- 
lytic-iron dust core to have a direct-current 
resistance equal to that of the molybdenum— 
Permalloy dust-cored coil, but this would require 
the iron-dust core to be almost ten times as large. 
However, apart from direct-current resistance 
there are other considerations of very great 
importance. For many coil designs it is essential 
to restrict the hysteresis loss to a very low value. 
For equal hysteresis loss, the volumes of an 
iron-dust core and a molybdenum—Permalloy 
dust core would be in the ratio of 30:1. In prac- 
tice, this means that in some applications it is 
now possible to use a dust-cored coil where pre- 
viously no reasonable design was available. The 
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Fig. 6—Comparison of effective resistance at audio 
frequencies of dust-cored coils. All cores are 30 cubic 
centimetres in volume; coil inductarice = 100 millihenries. 
(1), Electrolytic iron dust, permeability=35; (2), 80:20 
Permalloy dust, permeability = 100; (3), 2:81:17 molybde- 
num-Permalloy, permeability = 125. 


usual procedure in replacing coil designs in the 
improved materials has been to produce im- 
proved coil performance combined with reduced 
size. 


9. Influence of Core Permeability on Coil 
Design 


Fig. 7 illustrates the resistance characteristics 
of coils wound on 30-cubic-centimetre cores of 
molybdenum—Permalloy of two permeabilities, 
125 and 50. It will be noted that although the 
core losses of the 50-permeability core are ap- 
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Fig. 7—Effective resistance at audio frequencies of 
molybdenum-—Permalloy dust-cored coils. All cores 30 
cubic centimetres in volume; coil inductance = 100 milli- 
henries. (1), core permeability=125; (2), core perme- 
ability = 50. 
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preciably lower than those of the 125-permeabil- 
ity core, the effective resistance of the former 
coil is considerably higher over the frequency 
range shown. The higher value is mainly due to 
the higher direct-current resistance. In order to 
reduce this resistance to that of the other coil, 
the core size would have to be increased by 
four times. This example shows the great im- 
portance of high-permeability cores of low loss 
in obtaining low-resistance coils of small size for 
audio-frequency use. 

It is apparent from Fig. 7 that, although the 
two curves do not cross below 3 kilocycles, they 
will cross at a higher frequency above which 
the lower-permeability coil will have the better 
characteristics. Thus, when it is required to 
produce coils for use at various frequencies, it 
becomes necessary to produce cores of more than 
one permeability in order to cover the frequency 
range adequately. A measure of coil quality, 
that is often used and that enables the com- 
parison of core materials to be shown con- 
veniently on one graph for a wide frequency 
range, is the Q factor. The Q of a coil is the quo- 
tient of the coil reactance divided by the effective 
resistance, thus, Q=wL/R, and a high value of 
Q denotes a good coil. Fig. 8 shows the variation 
of Q with frequency for coils wound on 30-cubic- 
centimetre cores of various permeabilities. The 
magnetic material used throughout was molyb- 
denum—Permalloy, and the general principles 
of coil manufacture are the same, the various 
permeabilities being obtained by different de- 
grees of dilution of the core with nonmagnetic 
material. It will be seen that the 125-permeability 
core is best in the range up to 5 kilocycles, the 
50-permeability core for the range 5-15 kilo- 
cycles, the 25-permeability core for 15-50 kilo- 
cycles, and the 13-permeability core from 50 
kilocycles upwards. 


Q OF COIL 
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Fig. 8—Q values of coils on molybdenum—Permalloy 
dust cores of various permeabilities. All cores 30 cubic 
centimetres in volume; coil inductance range=10~-20 
millihenries. Core permeabilities: (1)=125, (2)=50, 
(3) =25, and (4) = 13. 


10. Summary 


This paper deals essentially with the proper- 
ties of nickel-iron alloy dust cores made by the 
methods described. It is appreciated that there 
are other methods! by which alloy dust cores 
may be produced, and some information on these 
methods is already published. There is also a 
considerable range of low-permeability magnetic- 
dust cores produced by methods based on the 
general principles of plastic moulding. Informa- 
tion on these cores, which are widely used at 
radio frequencies, is also available from publica- 
tions. 
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Very-High-Frequency Single-Channel Receiver 


By W. C. 


LANE and T. 


C. CLARK 


Federal Telephone and Radio Corporation, Newark, New Jersey 


NCREASED traffic at the major airports 
and the greater coverage required of airline 
enroute communications have shown the 
need for an improved very-high-frequency crys- 
tal-controlled ground-station receiver with high 
rejection of unwanted signals and good sensi- 
tivity. The receiver designed for these require- 
ments operates on a single pretuned frequency in 


the range of 118 to 136 megacycles per second, 
and employs a 14-tube superheterodyne circuit, 
incorporating automatic-volume-control, squelch, 
and noise-limiter circuits. Low cost, small size, 
high quality, performance, and an easily service- 
able unit were. the points stressed in this de- 
sign. Field tests indicate the effectiveness of the 
design. 


Fig. 1—Front (lower) and rear (upper) views of receiver. The receiver is designed for relay-rack mounting, and 
a panel with a cut-out for access to the controls fastens over the front. The radio-frequency stages are shielded in 


compartments (at the right). 
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1. Physical Characteristics 


Mechanically, the receiver will mount in any 
standard relay rack and, since tubes and trans- 
formers are mounted horizontally at the rear, 
tube replacements and all tuning adjustments 
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2.1 RADIO-FREQUENCY STAGES 


Because of the relatively low intermediate 
frequency, which was necessary to achieve the 
required selectivity, it was found desirable to 
incorporate two double-tuned radio-frequency 
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Fig. 2—Block diagram of single-channel 118-136-megacycle receiver. Squelch and noise-limiter stages improve 
the usefulness at airports, where there is generally considerable electrical noise. 


can be made with a minimum of effort. The front 
panel is removable (Fig. 1) to facilitate inspec- 
tion and repair without taking the receiver from 
the rack. Operating controls are mounted on a 
subpanel immediately behind a cutout in the 
front panel, and include an audio-frequency gain 
control, radio-frequency gain control, power on- 
off switch, squelch on-off switch, pilot lamp, and 
phone jack. Fig. 1 shows the unit-type construc- 
tion employed. 


2. Electrical Characteristics 


Every effort was made in the design to use 
conventional and straightforward circuits in 
achieving the high-performance characteristics 
required. Fig. 2 is a block diagram of the receiver. 
The sensitivity of the prototype model was 0.7 
microvolt for 50-milliwatts output at a 10-decibel 
signal-to-noise ratio. The image response was 
found to be down 86 decibels at the high-fre- 
quency end of the band, and the spurious re- 
sponses resulting from oscillator harmonics were 
down 94 decibels or more. 


stages and a tuned antenna stage to attain high 
image rejection. The coils are constructed of 14- 
American-Wire-Gauge silver-plated copper wire, 
and are self-supported on the variable air 
capacitors for the shortest lead lengths and to 
obtain the highest Q. The 9003-type tube is 
chosen for radio-frequency amplifier, partly 
because of its remote-cut-off characteristic, 
which makes it readily adaptable to automatic- 
volume-control application, and also because of 
the small input loading. As an indication of the 
importance of input loading at these frequencies, 
two 9003’s and a 6AKS5 (used as amplifiers and 
mixer, respectively) were used to replace two 
6BA6’s and a 6AG5. With the tubes biased to 
the same transconductance and with the same 
coupling coefficient, the gain then increased 
6 decibels and the image rejection improved 
15 decibels. 

Small baffle shields isolating the plate and 
grid pins at the tube sockets and a high degree 
of shielding between stages are necessary to 
minimize regeneration, and this allows an over- 
all radio-frequency gain of 140 to be attained, 
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The bias on the radio-frequency tube grids is kept 
at the lowest permissible value to obtain the 


optimum signal-to-noise ratio. 


frequency noise currents that were amplified 
by the sensitive receiver to produce objection- 
able noise output. 
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Fig. 3—Schematic of the radio-fre- 
quency stages and local oscillator. Conges- 
tion of the radio spectrum at airport 
locations requires good image rejection, 
sensitivity, stability, and selectivity. 


2.2 OscILLATOR, MULTIPLIER, AND MIXER 


The oscillator circuit (Fig. 3) is of the tuned- 
plate tuned-grid type; insertion of the proper 
crystal in the grid circuit will permit oscilla- 
tion between 27.9 and 32.4 megacycles. The 
third-harmonic-type crystal is mounted in an 
unheated CR-J holder and has an over-all fre- 
quency tolerance of +0.005 percent between 
temperature limits of —25 and +75 degrees 
centigrade (—13 and +167, Fahrenheit). 

A third-mode crystal, with a built-in thermal 
unit to keep the crystal at a constant tempera- 
ture, was employed on a previous model. This 
did not prove successful, since the opening and 
closing of the heater contacts set up radio- 
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A twin-triode tube, type 6J6, is used for the 
oscillator and multiplier. The crystal frequency 
is multiplied four times in a single stage, and is 
applied to the mixer grid through a 1-micro- 
microfarad coupling capacitor. Because of the 
high fundamental crystal frequency involved, the 
undesired third and fifth harmonics generated 
in the oscillator and quadrupler, and which are 
present at the mixer grid by an amount depend- 
ent on the quadrupler plate-circuit selectivity 
and the crystal activity, are far removed in 
frequency from the desired fourth harmonic. 
Thus, with the aid of the front-end selectivity, 
the spurious responses due to oscillator harmonics 
were practically eliminated. The oscillator funda- 
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mental and harmonic radiation is kept to a low 
value by proper shielding of the oscillator and 
quadrupler stages, and by filtering the power- 
supply leads to the compartment with button- 
mica feed-through capacitors. The radiation 
from the prototype model, as measured across 
the 50-ohm input circuit, was strongest at a 
frequency of 129.675 megacycles, for the channel 
frequency of 136 megacycles, and this was only 
100 micromicrowatts. 

The 6AK5 mixer operates with only 50 volts 
on the screen grid so that the injection voltage 
from the quadrupler may be small, but sufficient 
conversion gain may be obtained. The percentage 
of noise introduced by the mixer tube is negligible 
due to the high amplification preceding it. 


2.3 INTERMEDIATE-FREQUENCY AMPLIFIER 


The intermediate-frequency amplifier design 
was dictated by several considerations of selec- 
tivity: Present frequency allocations assign 
channels 200 kilocycles apart, so with the 
allowable combined drift of the transmitter and 
receiver, the bandwidth at the 6-decibel attenua- 
tion points must not be less than 48 kilocycles. 
In the event of 100-kilocycle channeling, the 
selectivity curve should afford at least 60 decibels 
of discrimination against an adjacent channel, 
which requires that the bandwidth at 60 decibels 
attenuation be no more than 180 kilocycles. 
By incorporating four double-tuned transformers 
in three 6.325-megacycle stages, the selectivity 
curve shown in Fig. 4 is obtained. A shape factor 
(which is the ratio of the bandwidth at 60 deci- 
bels to the bandwidth at 6 decibels) of 2.88 is 
indicated. Three remote-cut-off 6BA6 tubes are 
used in this system. 

With the limitations imposed by present and 
possible future channel assignments, it is im- 
portant that the intermediate-frequency system 
have a greater frequency stability than the 
preselector with regard to shifts of center fre- 
quency and bandwidth with changes in tem- 
perature, bias, line voltage, etc. In the design of 
this amplifier, iron-dust-core transformers with 
fixed silver-mica capacitors have been incorpo- 
rated, and a high degree of temperature stability 
has been obtained. The center-frequency shift of 
the 6.325-megacycle intermediate-frequency sys- 
tem with a change in temperature from 0 to 





40 degrees centigrade (+32 to +104 degrees 
Fahrenheit) is found to be less than 5 kilocycles. 
Due to the large tuned-circuit Capacitance of 250 
micromicrofarads, the Miller effect with gain- 
control bias variations is minimized and the cen- 
ter frequency shifts less than 4 kilocycles with 
a 60-decibel change in gain and a variation of 
+10 percent in line voltage. 


2.4 AUTOMATIC-VOLUME-CONTROL SYSTEM 


The output of the automatic-volume-control 
amplifier is designed to regulate the grid bias 
of the two radio- and three intermediate- 
frequency stages in order that the output of the 
receiver will remain essentially constant with 
inputs between 2 microvolts and 0.1 volt (Fig. 
5). Below the threshold value, the automatic- 
volume-control amplifier is cut off, so that 
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Fig. 4—Intermediate-frequency selectivity character- 
istic. Possible future assignment of 100-kilocycle channels 
in the band requires a steep slope at the sides of the curve. 
Center frequency is 6.325 megacycles. 








ELECTRICAL COMMUNICATION 


POWER OUTPUT IN DECIBELS 


100 


Pe 
7 Ft HH 
PL TTT TE TET PTY PT TTT 


1000 10,000 100,000 


INPUT IN MICROVOLTS 


Fig. 5—Automatic-volume-control characteristic. Because of the generally low power of aircraft transmitters, 
and their widely variable distance from the receiver, the — must prevent loss of weak signals and blocking 


on the stronger ones. Zero level is 6 milliwatts in 600 o 


maximum receiver sensitivity prevails below 
the 2-microvolt level. This characteristic permits 
relatively weak signals to deliver a zero-level 
audio-frequency signal into a telephone line for 
remote operation. This feature is intended to 
preclude any need for remote radio-frequency 
gain control, although provision for that control 
is incorporated to provide for a remote squelch 
control. 


2.5 NoIsE LIMITER AND SQUELCH 


The noise-limiter circuit employed in this 
receiver is a very effective means of suppressing 
ignition noise, static, and other forms of recurrent 
pulses without distorting the audio-frequéncy 
signal. Fig. 6 shows the circuit, including the 
squelch, in schematic form. The theory of opera- 
tion is explained as follows. 

Under steady carrier conditions and with the 
squelch switch in the off position, the plate 
voltage of V/ is more positive than that of V2, 
and therefore diodes V3 and V4 conduct. The 
relatively low impedance of diode V4 allows the 
audio-frequency voltage to pass to the amplifier. 
Upon the application of a sharp noise pulse, the 
plate voltage of V2 increases, but the plate 
voltage on V/ remains momentarily constant due 
to the time constant of R5 and C2 in the grid 
circuit of Vi. When the plate voltage of V2 ex- 
ceeds the plate voltage of V1, diodes V3 and V4 
block, and the audio-frequency voltage is cut off 
for the duration of the pulse. An accelerating 
action, which tends to speed the blocking of the 
diodes, results from Ci and R6. 


The rectified noise pulse develops a negative 
voltage at the plate of V4 and a more positive 
voltage on the cathode of V3, so that a fast 
blocking is obtained. When this occurs, the 
audio-frequency voltage at that instant will be 
held constant across C3, as there is no path for 
discharge. When the diodes again conduct, due 
to the decay of the noise pulse, the voltage across 
C3 will then follow the instantaneous level. This 
provides a continuous audio-frequency signal 
with very little noise. 

Voltage divider R2 permits adjustment of the 
clipping level for modulation peaks from 60 to 
100 percent. Although this control is normally 
set to pass a 100-percent-modulated wave, it is 
sometimes desirable in excessively noisy locations 
to improve the effectiveness of the noise limiter 
by reducing the bias on the grid of V1. This will 
tend to introduce distortion on highly modulated 
signals, but an improved signal-to-noise ratio 
will result and may be the more desirable. 

By the addition of resistor RIO in the plate 
circuit of V1, an inherent squelch action is ob- 
tained ; with no signal input, the plate voltage of 
V1 is lower than that of V2 (because of the differ- 
ent values of plate-load resistance), and the 
diodes do not conduct. Upon arrival of a carrier 
of predetermined strength, dependent upon the 
amount of gain, the bias on VJ becomes higher 
than the bias on V2, causing more voltage to 
appear at the plate of V4 than at the cathode of 
V3, and the diodes conduct. 

The radio-frequency gain control incorporated 
in the receiver allows control of the squelch for 
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signal inputs ranging from 1.5 to 1000 micro- 
volts. This is an advantage to control-tower 
operators who want a muted receiver at noisy 
sites when no signal is on their frequency; they 
can adjust the gain control to bring a given noise 
level to the threshold of the squelch and still 
be confident of receiving weak signals. 


2.6 OuTpuT CIRCUIT 


The audio-frequency amplifier system is capable 
of delivering a maximum of one watt into a 600- 
ohm output impedance. The audio-frequency 
fidelity is designed for speech operation and is 
flat to within +3 decibels from 350 to 3500 cycles 
per second. The output transformer has a split- 
and-balanced second- 
ary to provide maxi- 
mum flexibility of 
load connections. 

By simplexing the 
grid bias of the five 
gain-controlled tubes 
on the output circuit, 
the radio-frequency 
gain and squelch may 
be controlled remotely 
over a telephone line. 
Simplexing is a term 
meaning a system 
whereby a single 2- 
wire physical circuit 
may be made to 
carry independent 
direct-current and 
alternating-current 
signals; separation of 
these components 
being accomplished at 
the terminals by 
proper arrangement 
of inductances and 
capacitances. 

A monitoring phone 
jack is connected 
across one section of 
the output-trans- 
former secondary in 
order that the moni- 
toring may be ac- 
complished at the 
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local installation independently of all external 
connections. 


3. Field Test 


The receiver has been installed and operated 
successfully in many control towers of major 
airports. In the Chicago airport control tower, 
sensitivity checks were made with Civil Aero- 
nautics Administration cooperation. An outgoing 
plane flying at 4000 feet called the tower every 
five minutes. Due to heavy construction work in 
progress at the airport, a 5-microvolt noise level 
was induced in the antenna. The noise limiter 
incorporated in the receiver was so effective that 
signals from the plane’s 5-watt transmitter were 


Fig. 6—Squelch and noise-limiter cir- 
cuit. The circuit functions to disable the 
audio-frequency path during the period of 
a noise pulse. 
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received from a distance of more than 120 miles 
with a good signal-to-noise ratio. 

In order to determine, under practical operat- 
ing conditions, the effectiveness of the receiver 
selectivity in rejecting signals 100 kilocycles off 
resonance, field tests were arranged with the 
cooperation of American Airlines Incorporated. 
An antenna installed on the Lincoln Building 
(750 feet high) in Manhattan, was connected by 
about 50 feet of Type RG-8/U cable to the 
receiver, which was tuned to 126.7 megacycles. 
Carriers received from LaGuardia Airport (8 
miles away), where a 50-watt transmitter was 
operating on 126.7 megacycles, developed a sig- 
nal of approximately 1200 microvolts at the 
receiver input terminals. An identical receiver, 
adjusted for 126.8 megacycles, was then sub- 
stituted. Due to the high order of adjacent- 
channel attenuation, no signal was heard on 
this receiver even though the squelch circuit was 
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rendered inoperative and the receiver gain was 
at maximum. 

Using the same receiving-antenna installation, 
the test was repeated under more severe condi- 
tions by using a 50-watt transmitter (126.7 
megacycles) installed in the Lincoln Building. 
The spacing between the transmitting and re- 
ceiving antennas was about 100 feet. This trans- 
mitter developed over 0.2 volt at the receiver 
input terminals. No blocking of the 126.7- 
megacycle receiver was noted. When the 126.8- 
megacycle receiver was substituted, an output 
signal equivalent to that produced by a 70- 
microvolt signal at resonance was obtained. 
Hence, the adjacent-channel selectivity at- 
tenuated the 126.7-megacycle 0.2-volt signal by 
more than 70 decibels. These test results there- 
fore confirmed the laboratory measurements, 
and demonstrated the effectiveness of the radio- 
and intermediate-frequency amplifier design. 
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High Gain With Discone Antennas" 


By A. G. KANDOIAN, W. SICHAK, and R. A. FELSENHELD 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


XTENSION of work on discone-type 
antennas, originally presented before the 
Institute of Radio Engineers in 1945, is 

described. Since that time, these antennas have 
been developed for a large number of applica- 
tions. Of particular interest are those applica- 
tions that require high gain over a very broad 
band of frequencies. Detailed data are given on 
several designs, particularly on unidirectional 
antennas for point-to-point communication and 
omnidirectional high-gain antennas for the dis- 
tance-measuring equipment (DME) of the Navar 
series of aids to aerial navigation. 


At frequencies above about 30 megacycles per 
second, it is possible to produce, conveniently 
and economically, a great deal of directivity of 
radiation. For some services, high-gain antennas 
must also provide omnidirectional radiation in 
the horizontal plane. The amount of antenna 
power gain obtainable is then limited because 
concentration of only the vertical radiation is 
permissable. 

Such antennas have been developed and widely 
used in very-high-frequency broadcasting and in 
radar beacons in the ultra- and super-high- 
frequency spectra. As a rule, however, the band- 
width requirements have been relatively small. 
For most applications, horizontal polarization 
has been used. 


1. Omnidirectional High-Gain Broad-Band 
Antenna 


The present antenna development was under- 
taken for the ground station of the Navar 
distance-measuring equipment (DME). Among 
the requirements specified were a frequency 
range of 960 to 1215 megacycles, vertical polari- 
zation, omnidirectional horizontal radiation pat- 
tern, power gain of approximately 8 over a half- 
wave dipole, and a beam direction tilted up 
approximately one-half beam width with respect 
to the horizon over the complete frequency range. 

* Presented, National Electronics Conference, Chicago, 
Illinois, November 4, 1947. Reprinted from Proceedings of 
the National Electronics Conference, v. 3, pp. 336-346; 1947: 


figures 12, 13, and 14 were not included in the original 
publication. 


There were also mechanical and service require- 
ments common to such applications. 

The basic radiating unit selected to meet these 
requirements is the discone antenna,! which 
in itself is an omnidirectional vertically polarized 
radiator with broad-band characteristics well in 
excess of the present requirements. By stacking 
a number of discones, one above the other, and 
supplying them with equal power in proper 
phase, the vertical pattern may be compressed 
and, hence, tne over-all antenna gain greatly 
increased. An array of this type of nine discones 
is shown in Fig. 1. 

The radiation pattern of such an array is 
given by 


: a o 
sin n( sin p-$) 
sin e sin s-$) 


where 8=vertical angle, zero at the horizon, 
n =number of discones, 
S°=spacing between successive radiators 
in electrical degrees, and 
@=phase difference between successive 
radiators. 


F(8)=cos 6 (1) 


When all the radiators are operated in phase, 
@ is zero and F(@) is maximum for 6 =0; that is, 
the radiation is always maximum in the hori- 
zontal direction. Fig. 2 shows a calculated pat- 
tern of such an array of 9 stacked elements. The 
power gain of an array of stacked discones is 
essentially the same as for an array of stacked 
horizontal loop antennas as given in reference 1. 

Energizing a number of radiators in phase 
can be accomplished in many ways for a fixed 
frequency or a limited frequency band. Over a 
large frequency range, this may only be accom- 
plished by making all the transmission lines to 
the individual radiators of equal length. This 
makes the relative phase of the currents in the 
various radiators equal and independent of 
frequency. 

1A, G. Kandoian, “Three New Antenna Types and 
Their Application,” Proceedings of the I.R.E., v. 34, pp. 


70W-75W; February, 1946: Also, Electrical Communica- 
tion, v. 23, pp. 27-34; March, 1946. 
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Fig. 1—Discone array used for the distance-indicator 
function of the Navar system. Consisting of 9 discone 
radiators stacked vertically, this omnidirectional antenna 
operates anywhere within the range of 960 to 1215 mega- 
cycles. The mountings and supporting rods are constructed 
of fibre-glass, as are the covers standing at the sides of 
the array. 


In the present case, it is desired to tilt the 
pattern approximately one-half beam width 
above the horizon throughout the frequency 
range. This may be accomplished by supplying 


ea a 


Fig. 2—Calculated vertical radiation pattern of a stack 
of 9 discones all energized in phase; 


bes sin [n(140 sin 3) ]_ 
aSey sin [140 sin 3] 


equal power to all the radiators as before, but 
successively delaying the phase of the current in 
each element from the bottom to the top. This 
relative phase is represented by ¢ in (1). The 
value of ¢ for a given tilt of pattern is 


o=S° sin Br, (2) 


where £7 is the tilt of the beam with respect to 
the plane perpendicular to the antenna axis. 
This is derived simply by maximizing (1). 

Thus, to produce a tilt in the beam direction 
of 3.5 degrees and for spacing S° equal to 280 
degrees between successive discones, a phase 
stagger of ¢=15 degrees is obtained. Fig. 3 
shows the calculated pattern of such an array of 
9 discones. 

This establishes the basic theory of a high- 
gain omnidirectional antenna whose beam direc- 
tion may be shifted electrically. 

To reduce this to practice, first let us consider 
the simpler problem of an omnidirectional broad- 
side antenna without beam tilting. The major 
problem is to divide the available power equally 
among a large number of elements and keep the 
currents in phase over a wide frequency range. 
This is accomplished in the present case by mak- 
ing the input impedance of each radiating ele- 
ment equal to the surge impedance of some 





muc 
indiy 
ata 
back 
wave 
the a 
trans 
and, 
be ol 
trans 
Th 
the h 
neces 
RG-8 
tion 
each | 
it. Tk 
three. 
feeder 
Thi 
array 
imped 
proble 
ers. It 


HIGH GAIN WITH DISCONE ANTENNAS 


standard RG-type cable. The discones used in 
this array meet this requirement very well in 
that when used with RG-8/U cable they have a 
mismatch of less than 1.2 over a frequency range 


Fig. 3—Calculated vertical radiation pattern for array of 
Fig. 1 operating at 1087 megacycles; 

sin n( sin g—% 

F(B)=cos 3 


2 


4), and ¢=S° sin $7. 
~! 


much larger than 960 to 1215 megacycles. The 
individual feeders are all connected in parallel 
at a common junction box and then transformed 
back to 50 ohms impedance by a simple quarter- 
wave transformer. The bandwidth limitation of 
the array is now determined by the quarter-wave 
transformer, rather than the radiators themselves 
and, wherever justified, larger bandwidths could 
be obtained by multiple sections or exponential 
transformers. 

The next step, that of tilting the beam above 
the horizon, is now very straightforward. All it is 
necessary to do is to make successive lengths of 
RG-8/U cable leading from the common junc- 
tion box to the individual discones such that 
each one is 15 degrees longer than the one below 
it. This amounts to a length differential of only 
three-tenths of an inch between successive 
feeders. 

There are certain possible complications in an 
array of this type, which tend to alter the input 
impedance and the radiation pattern. The major 
problem is the placement of the individual feed- 
ers. It was determined experimentally that least 


Fig. 4—Complete 9-element discone array with weather- 
proofing covers mounted. The access plate has been re- 
moved from the cable-connector housing, showing the 
type-N connector. 
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Fig. 5—Array mounted on mast on laboratory roof for 
flight tests with distance-measuring equipment. 


disturbance was noticed when the cables were 
strapped together and then wound in a spiral 
around the discones, starting from the center of 
the array and working toward the top and bot- 
tom. The bunching gives the least reflection and 
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the spiral tends to minimize the pattern distor- 
tion by spreading the effects evenly around the 
antenna. The excess length of cable feeding the 
center radiators is coiled up inside the metallic 
housing near the center of the array. 

Mechanically, the antenna array is mounted 
on a fibre-glass supporting structure and en- 
closed from the weather by a fibre-glass housing. 
This results in a very strong and electrically 
efficient design. Fig. 4 shows the antenna unit 
complete in its housing. The over-all height of 
the structure is approximately 72 inches. Fig. 5 
shows the array, 50 feet above ground level, 
installed in actual operation on top of a mast. 

Measured data on the antenna array through- 
out the frequency range are given in Figs. 6 to 10. 
It is to be noted that though the half-power 
beam width narrows from 8 to 6 degrees from 
960 to 1215 megacycles, the beam direction 
remains fixed at approximately 3.5 degrees 
above the horizon. The measured power gain was 
in all cases within +1 decibel of the calculated! 
value. 


2. Unidirectional Pencil-Beam Antenna 


In considering the problem of producing a’ 


unidirectional pencil-beam antenna as free as 
possible of any frequency limitations, the com- 
bining of a paraboloid and a discone antenna is a 
logical step. Measurements have shown that 
such a combination produces beam patterns 
that are satisfactory for communication and 
other applications over an extremely wide fre- 









Fig. 6—Measured vertical radiation 
pattern at 960 megacycles. 






Fig. 7—Measured vertical radiation 
pattern at 1087 megacycles. 


Fig. 8—Measured vertical radiation 
pattern at 1215 megacycles. 
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Fig. 9—Horizontal radiation pattern at 1087 mega- 
cycles. The calculated pattern is shown as a solid line 
and the measured values are indicated by small circles. 


quency range. The standing-wave ratio is less 
than 2 over a 4.5-to-1 frequency range (700 to 
3100 megacycles). As half of the power radiated 
by the discone is not intercepted by a focus-in- 
aperture paraboloid, it is to be expected that the 
gain will be somewhat lower than if a more direc- 
tive source were used. If the paraboloid is 10 or 
more wavelengths in diameter, so that the effect 
of the direct radiation from the discone will be 
small compared with the total radiation from 
the paraboloid, the gain relative to an isotropic 
radiator is? approximately 


G=037(*), (3) 


~ 4, E. Terman, ‘Radio Engineers’ Handbook,” Mc- 
Graw-Hill Book Company, New York, New York, 1943, 
pp. 839-840. 
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Fig. 11—A single discone radiator and 72-inch parabolic 
reflector. This arrangement is quite effective where an 
antenna for a pencil-shaped beam is required to have 
broad-bandwidth characteristics. 


where D=diameter and 
\=wavelength. 


This gain is about 4.5 decibels below that of 
a uniformly irradiated parabolic antenna, and 
about 2.5 decibels below that of a well-designed 
narrow-band antenna using a simple dipole and 
reflector. If the paraboloid is only a few wave- 
lengths in diameter, so that the direct radiation 
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Fig. 10—Standing-wave ratio plotted against frequency. Measured through 50 feet of RG-14/U 


cable on a 50-ohm slotted line. 
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Fig. a solid line indicates the E-plane (vertical), and the dashed line indicates the H-plane (horizontal) 
beam pattern of the antenna of Fig. 11. The measurements were made at 600 megacycles. 
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Fig. 14—Parabolic-antenna beam patterns measured at 3200 megacycles. 
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HALF-POWER WIDTHS IN DEGREES 





° 
600 1000 1400 1800 2200 2600 3000 3400 
FREQUENCY IN MEGACYCLES 


Fig. 16—Variation of the half-power beam widths with 
frequency for the antenna of Fig. 11. The circles indicate 
measured results for the E-plane pattern; the small 
crosses, the results for the H plane. The solid line indicates 
the theoretical widths for the E plane, calculated from 
62=1.274/D. The dashed line indicates the H-plane 
— derived from 6;=2/D. 62 is the half-power beam 
width. 


becomes an appreciable portion of the total, the 
gain will depend on the relative phase between 
the direct radiation and the reflected. radiation; 
the gain may then be larger or smaller than that 
given by (3). Equation (3) indicates that a 72- 
inch-diameter paraboloid will have a gain vary- 
ing from 16.5 decibels at 700 megacycles to 29.5 
decibels at 3200 megacycles. 

The discone discussed above was used as a 
radiation source in a 72-inch-diameter paraboloid 
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Fig. 17—Standing-wave ratio plotted against frequency for the antenna of 
Fig. 11. The irregularities are due to the effects of the coaxial cable and 
associated fittings. Measured results for a discone radiator alone in space are 


given by the circled points. 
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having a 21.1-inch focal length. The discone was 
supported by a piece of wood ? inch wide by 14 
inches thick, which was fastened across the face 
of the paraboloid (Fig. 11). The discone itself, 
like the ones used in the distance-measuring- 
equipment array, consists of a 60-degree cone 
4% inches high and a 33-inch disc supported 
above the cone and separated from it by poly- 
ethylene insulation. A standard type-N connector 
is located inside the cone. The RG-8/U cable, 
which ran from one edge of the paraboloid to 
the discone, was attached to the wooden support. 

Principal electric-plane and magnetic-plane 
patterns were measured at frequencies of 600, 
1000, 1290, 2040, and 3200 megacycles. Some 
of these patterns are shown in Figs. 12, 13, and 
14. In Fig. 15, these same patterns are plotted, 
more conventionally, in plan coordinates. The 
measurements were made with the receiving 
antenna 70 feet from the paraboloid. Fig. 16 
shows both a theoretical and measured plot of 
half-power beam width with frequency. The 
theoretical values were obtained from patterns 
calculated on the basis of physical optics. 

The standing-wave ratio was measured in the 
standard manner with 10 feet of RG-8/U cable 
between the standing-wave detector and the 
discone. A 6-inch tapered section was used be- 
tween the standing-wave detector and the cable 
fitting. Between 850 and 3200 megacycles, the 
frequency was varied in steps of approximately 
20°or 30 megacycles. Four read- 
ings were taken between 520 
and 680 megacycles; no read- 
ings were taken between 680 
and 850 megacycles. The 
standing-wave ratio is plotted 
against frequency in Fig. 17. 
Also given in Fig. 17 is the 
standing-wave ratio of the dis- 
cone in free space. 

The rapid fluctuation in the 
standing-wave ratio is probably 
due to the type-N cable con- 
nectors and the variations in 
the dielectric cable itself. These 
effects are well known and will 
not be discussed here. The 
measured standing-wave ratio 
is slightly lower than that of 
the antenna itself, due to the 
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cable attenuation. The nominal attenuation of 
10 feet of RG-8/U cable is 0.85 decibel at 
1000 megacycles, and 1.7 decibels at 3000 mega- 
cycles. At 1000 megacycles, a standing-wave 
ratio of 1.2 will, therefore, be transformed to 
1.17, while at 3000 megacycles, a standing- 
wave ratio of 2.0 will be transformed to 1.74. 
But in actual operation, some cable must be 
used, so that it is the standing-wave ratio of the 
combination that is of interest. 

If the focal length of the paraboloid is more 
than a few wavelengths, the voltage-reflection 
coefficient introduced into the transmission line 
by the paraboloid is given* by 


Gr 


“—’ (3) 


r 


3S. Silver, Report No. 442, Radiation Laboratory, 
Massachusetts Institute of Technology. 
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where G=gain of feed in direction of vertex, 
\=wavelength, and 
F= focal length. 


The gain of the discone being substantially 
the same as that of a half-wave dipole, this 
formula gives a reflection coefficient of 0.075 
(standing-wave ratio of 1.16) at 1000 megacycles, 
and a reflection coefficient of 0.025 (standing- 
wave ratio of 1.05) at 3000 megacycles. This 
reflection will add to, or subtract from, the re- 
flection of the discone alone, depending on the 
relative phase between the two reflections. If 
the reflections add in phase at 2000 megacycles, 
they will again add in phase at 1750 megacycles, 
and at 2270 megacycles, assuming that the phase 
of the discone reflection is constant at these fre- 
quencies. This effect is not evident in Fig. 17, 
but appears to be masked by the other reflec- 
tions present. 











Modern Demonstration of MacDonald’s Equivalance Theorem 


By A. G. CLAVIER 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


DEMONSTRATION was given in 1912, 
A by MacDonald,! of the following prop- 

osition, generally known as the “‘Equiv- 
alence Theorem”’: 


The electromagnetic field at any point P outside of a 
closed surface S due to the movement of electric charges 
inside S, can be expressed in terms of the electric and 
magnetic fields produced on S by said electric charges. 


MacDonald did not make use of vectorial 
theory, so that his demonstration was rather 
lengthy. His method has been followed in the 
present paper, but considerably shortened by 
means of suitable notations. An interesting con- 
sequence is that it leads directly to the formulas 
given by Kottler? in the case of a harmonic 
time factor for the contribution of any portion 
of surface S limited by a closed contour C. 
It is not necessary to pass through the inter- 
mediary of fictitious electric- and magnetic- 
current densities on surface S. 


Fig. 1. 


Let moving charges be situated inside a closed 
surface S (Fig. 1), the whole space being homo- 
geneous and isotropic, with inductive capaci- 
tances e and u. 

At all points of such a system, the field vectors 
E and H satisfy the following equations: 


— E+ ut =0, div H=0, 


curl , div E=2. 
ot € 


MacDonald, Proceedings of the London Mathematical 
Society, v. 10, p. 91; 1912. 
2 Kottler, Annalen der Physik, v. 71, p. 457; 1923. 


148 


Factors p and J are the charge and current 
densities at the point considered. They are as- 
sumed to be zero for all points situated outside S. 

The field vectors at point P, excluding electric 
fields not varying with time, can be expressed 
by means of the retarded-vector potential 


Ap== f 1 edy, 
Ar V rT 


where V is the volume of S. The symbol J* 
means that the value of A at time ¢ depends on 
the value of J at time t—r/c where c is the speed 
of light in the unbounded medium characterized 
by the factors e and uy. 

Now, r is the distance OP between the point O, 
where J is applied, and point P at which the 
field vectors are considered. These vectors 
satisfy the system 


fits aathe Ap, 
KB 


a int curlp-curlp Ap, 
ot BL 
where curlp means that the curl operator implies 
the coordinates of point P. 

The first step of the demonstration consists 
of expressing the fields at P in terms of the fields 
at all points O where J is not zero; 


Wome curly f : J*dv, 
y? 


4r 
J* _ (curlo Ho)* | 0 ES 
ro r at r’ 
* * * * 
a EP enti, oP oe 
r r y ot r 


From these equations, the value of u(@Hp/dt) can 
be derived. Note that 


dHo 
“a —curl Eo, 
therefore, 
life 
* * * 
Wt __ (curl Bo)" _ oct 28 curt, BB 
r r r r 





ar 














so that 
Carr =5, cure 7 | aatte , dv 
* 
—curlp-curlp tf curlo £5 44 
4n Jy r 


1 B84 2B) 
qoute f (carte curl p : tena dv, 


The third part of the left-hand side of this equa- 
tion is, however, equal to zero. This is shown by 
rewriting 


a f 1 0?\ Es 
-zJ curl p (grad divp—Arp+a =) —°dv 


1 1 0?\E% 
= fouls f (4-35) ° dv 


Each component of this vector is easily found to 
be zero. 


Let 
* 
=z f Ctitlig le 
4n Jy r 
and 
= * 
A,=— } curlo ny, 
4n Jy i 
then, 
OH, 1 


a dA, | t 
at “ome at +c? curlp:curlp Aj, 


and disregarding any static distribution of Hp 
and Ep; 
, 
r= cu 1p At +e curly: curlp A). 


It is thus seen tht the variable fields Ep and Hp 
at point P can be expressed in terms of the fields 
inside S by means of the two vectors A, and Aj. 
It is now a simple matter to transform the vol- 
ume integrals into surface integrals; 


* 
ein Sag 
Vv 


Let 


and 
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then, 
OHp _1 0As 2 , 
at a at +c? curlp-curlp As, 
OEp_ 1 dA, 
at = ——curlp— te curlp-curlp Ag. 


The computation of the field vectors at point 
P can obviously be made in two different ways: 
The first starts with the determination of vectors 
As and As. When this is done, the operations 
curlp and curlp-curlp are performed; these opera- 
tions involve derivatives with respect to the 
coordinates of point P only. 

A second manner consists of interchanging 
the processes of integration and differentiation, 
writing 


OHp_190 al waeene 
—_—" notda curly (Nox 7 )as 


aa f curlp-curly (wex#2)as, 
JS 


and the corresponding expression for dEp/dt. 
This is the same as attributing 
ifo Hi 
04-72 
4n als ais (w - r ) 
1 E36 
v. curlp-curlp a“ 


as the contribution of ds to the magnetic field, 
and 


1f_a 05 ES 
i| -Z cant (nox? 7) 


+4 curl p-curlp (nex 2) 


as the contribution of the same surface element 
to the electric field. 

Now consider the operation curlp-curlp 
=gradp-divp—Ap. The first term can be written 
as follows: 


gradp:divp (nex 2) as 
. J E5 
=gradp = gurl N° -ds—grad- N®-curlp—=ds. 


Now, curlp N° -ds =dl, the last being the element 
of the contour integral along the closed contour 
limiting any portion of surface S. 

When there are no line discontinuities of the 
fields on the closed surface S, the integral 


* 
f grad p 72 at obviously disappears. It must 
c 
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remain, however, in the correct expression of the 
contribution of any portion AS of surface S, 
which is thus found to be 


OHp_ 9 1 
a at 4 Jy, 
11 


wan Jas 
‘gee 0 26) 4, t/® 
, Eel (w me r )as-+ 4nJor -. 


A similar expression is readily obtained for 
0Ep/dat. It is only necessary to interchange E% 
and Hé, as well as »p and —e. 

These formulas have been given by Kottler? 
in the case of a time harmonic function. They 
were arrived at by means of the intermediary 
distribution of fictitious electric and ‘“‘magnetic”’ 
current densities on the portion of S considered, 
and it is then necessary to ascertain that these 
expressions verify Maxwell’s equations at point 
P. They are, in the present paper, directly de- 
rived from those equations and are obviously 
valid without any further verification. 

The ‘‘Equivalence Theorem” is found useful 
in a number of problems. It shows that the ex- 
perimental determination of the field distribu- 
tion on any closed surface gives a means of 
computing the vector fields produced at any 
external point by sources that are located inside 
the surface. The same is true when theoretical 
considerations enable the determination of the 
fields on a surface S, or portion of said surface; 
this is generally an approximation only. This 
last has’ been found sufficient for the determina- 
tion of radiation patterns of horns or reflectors 
used in conjunction with centimeter electro- 
magnetic wavelengths. 

Inversely, when the field distribution of 
secondary sources is assumed to be known on a 
closed surface S, said sources can be replaced by 


a 
curlp (wox%2)as 


v 


* 
grad N®-curlp =2 ds 


PERFECT 
DIELECTRIC 


PERFECT 
CONDUCTOR 
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others that would give the same field distribu- 
tion on S. 

Consider, for instance, an unlimited plane 
supposedly a perfect conductor. Let an electro- 
magnetic wave fall on an element ds of the plane 


Fig. 3. 


in a medium supposed to be a perfect dielectric 
(Fig. 2). The magnetic inductive capacitance is 
the same in both media. Let E, H be the incom- 
ing fields, and E’, H’ the fields due to the second- 
ary sources induced in the reflecting plane. 
The boundary conditions give: 


E;= —E,, 
E,= —E,, 
Hi=-—H,. 


There is no dissipation of energy: The flow of the 
incoming Poynting vector through ds should be 
equal to the flow of the Poynting vector asso- 
ciated with the reflected wave. It is easy to show 
that this leads to 

H, aaa Hy, 

H: =H. 


Finally, both incoming and total fields, and 
consequently both incoming and reflected waves, 
verify Maxwell’s equations. This can be shown 
to give 

EL=E,. 


The association of the above conditions means 
that the total field &, 3¢ on the reflector is such 
that 

6,=2E,, 
é7=0, 
5x,=0, 
Rr=2H-. 
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It also means that the incoming and reflected 
Poynting vectors are in the same plane and make 
an equal angle with the normal to the plane 
(Fig. 3). 

The secondary sources can then be replaced by 
fictitious sources that would produce the fields 
E’, H’ at all points of the roflecting plane. This 
obviously leads to the well-known use of ‘“elec- 
tromagnetic images” to compute the total field 
in front of the unlimited reflector. 

The expressions for the fields at point P given 
by the “Equivalence Theorem” are, of course, 
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simpler when a time-harmonic function e~/** is 
assumed. All vectorial operations with index P 
are then applied to an auxiliary function 


e7 ier Ic 


Oe 
When the radiated fields are considered exclu- 
sively, only the terms in 1/r need be computed, 
and 1/r can be conventionally treated as a 
constant in the differentiations involved in the 
vectorial operations. 





TM.. Mode in Circular Wave Guides with Two Coaxial 


Dielectrics * 


By SIDNEY FRANKEL 


Federal Telecommunication Laboratories, Incorporated, New York, New York 


IELD components for a transverse mag- 
HK netic wave in a wave guide with two 

coaxial dielectrics are computed. A typical 
example is given to show the calculation of guide 
dimensions to reduce phase velocity to a pre- 
assigned value. 

A uniform circular wave guide may be con- 
ceived as a device that provides an interaction 
space between electrons and an electromagnetic 
field to transfer energy from one to the other. 
If electrons are injected axially in the guide and 
the field has an axial electric component, the 
important interaction is between the electrons 
and this axial component. 

For unimpeded motion, the electrons must 
travel essentially in a vacuum and with a 
velocity necessarily less than that of light. On 
the other hand, the phase velocity of the electro- 
magnetic field in an evacuated circular guide is 
always greater than the velocity of light. For 
effective interaction, this field must be slowed 
down, perhaps to the order of one-tenth or less 
of the velocity of light. This may be accomplished 
by surrounding the evacuated axial region of the 
guide with material of high dielectric constant. 
For simplicity, circular symmetry may be 
maintained. 

An investigation of the propagation of an 
electromagnetic field with axial electric compo- 
nent in such a “loaded” guide has been made. 
Appropriate field equations, which take the 
necessary boundary conditions into account, are 
set up and solved. A relationship between the 
maximum value of axial electric component and 
transmitted power is given. 


1. Solution of Field Equations 


1.1 DIFFERENTIAL EQUATIONS 


Fig. 1 shows a cross section of a wave guide. 
The section of the axial region is a circle of 


*Reprinted from Journal of Applied Physics, v. 18, 
pp. 650-655; July, 1947. 


radius a, the constants of the medium being yu 
and €9, the permeability and dielectric constants, 
respectively. The boundary of the guide is a 
perfect conductor of radius 6. In the annular 
region between these two radii is a material of 
constants w and ¢;. It is assumed that €:>e2 
always. 

Cylindrical coordinates 7, ¢, and x will be 
used with the x axis coinciding with the axis of 
the guide and being positive in the direction 
toward a sink of power. For a transverse mag- 
netic mode, take H,=0, and, in accordance with 
the conventional 7.Mo,1 mode for uniform dielec- 
trics, specify additionally that E;=H,=0. If a 
field satisfying these requirements exists in the 
guide under consideration, then the appropriate 
field equations in meter-kilogram-second units 
for either dielectric are of the following type. 


—0H;,/dx =jweE,, 
(1/r)(0/0r) (rg) =jweEz, 
(1/r)(dE./d¢) =0, (1) 
(0E,/dx) —(dE,/dr) = —jwopH,, 
(1/r)(0E,/d¢) =0. 


The subscript has been omitted from ¢ to 
avoid restricting it to either medium. 

According to (1), Z, and E,, therefore also H,, 
are independent of ¢. The useful equations from 
(1) are 

0H,/dx = —jweE,, 
(1/r)(0/dr)(rHy) =jweEz, (2) 
(0E,/dx) — (0E,/dr) = —jouHy. 


Elimination of E, and E, among these equa- 
tions leads to the following equation in Hy: 
#H, aia 
+-|-<(iz)| 
0x? = ar 
where c is the velocity of propagation in a 
medium of unbounded extent with constants yu 
and «. 
Assume 


wo? 
= —w*zeH, = is, (3) 
Cc 


vr or 


Hy=R(r)e™, (4) 


where y is the propagation constant in the x 
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direction and R is a function of 7 to be deter- 
mined. Substitution of (4) in (3) yields 


drid 
-|- —(R)|+a°R =0, (5) 
dr 


vr dr 


where 
8 = 7? +? /c?, (6) 
Solutions of (5) are of the type 
R =Ji(ar), Yi(ar), (7) 
where J; and Y, are Bessel functions of the first 
and second kinds, respectively, and of the first 


order. If Z,(ar) represents any linear combina- 
tion of these functions, then 


Ay =Z,(ar)e~"*. (8) 


For unattenuated transmission, y is a pure 
imaginary ; let y= 78, with 8 real. Then 


a=[(w/c)?—6?}*. (9) 
From (2), we get immediately 
E, = (8/we)Zi(ar)e~i?, 
E,= (a/jwe)Zo(ar)e-*, 


Hs=Z,(ar)e-i82, 


(10) 


where Zp is a linear combination of Bessel func- 
tions of the first and second kind, zeroth order, 
and we have made use of the relation! 


(11) 


d 
—[rZ (ar) ]=arZ)(ar). 
dr 


Jo and J; are finite and continuous everywhere 
in the complex plane, but Yo and Y; have infinite 
discontinuities at r=0. These latter functions 
are therefore inadmissable in the axial region of 
Fig. 1. The solutions therefore run as follows. 

In medium 1, 


Agi = [A 1J1(ai7) +B, Yi(a1r) ‘Je- #12, 


B 
Ey sono 1J1 (air) +BiYi(asr) Je~**, 


WE] 


a1 ‘ 
Ex = —[A 1J o(aur) +B, Yo(aur) Je~#1, | 


JEL 


arab. 


(12a) 


1 Jahnke and Emde, “Tables of Functions,” 3rd edition, 
B, G. Teubner, Leipzig, 1938; p. 145. 


Fig. 1—Cross section of wave guide having two 
coaxial dielectrics. 


In medium 2, 
H52=A2J1 (aor) e— #27, 
E,2= (B2/we2)A oJ 1(aor)e— 82, 
Ex2= (a2/jwe2)A2Jo(aor)e-i2, 


0=r=a: 


(12b) 


A,, B,, and A: are constants to be determined 
from the boundary and power conditions, a1 
and a2 are the propagation constants, and (#; 
and #2 are the phase constants, in media 1 and 2, 
respectively. 


1.2 BoUNDARY CONDITIONS 


Matching of tangential components of the 
electric field at the dielectric interface requires 
that 

hj =f at r=a 


for all values of x; i.e., 


ay 
——[A 1J (aa) +B, Yo(a1a) Je-*1# 
JWE1 
ae 
= ll oJ (aa) e— #827, 
Jwe2 


(13) 


This can be satisfied for all values of x if, and 
only if, 81:=82=8. The phase constant (hence 
the velocity of propagation) is the same in both 
media, as might have been expected. 


ai —w?/ci = — B® = 08 —w?/ch. (14) 


Assume the phase velocity V, to be inter- 
mediate between c and ce 


a< Vp<C2, Vp=/8. (15) 
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This leads to the inequality 
a3 <0 <aij, (16) 


whence a; is real while a2 is a pure imaginary. 
The field in medium 2 therefore behaves ac- 
cording to Bessel functions of the first kind with 
pure imaginary argument. Curves for Jo(jz) and 
—jJi(jz), frequently designated as Jo(z) and 
I,(z), respectively, have been published.? The 
function Jo(z) is particularly interesting since 
it shows the radial variation of the axial electric 
field. This field is fairly uniform for sufficiently 
small z. For z<0.6, the variation is less than 10 
percent; for 2<2, the variation is less than 
about 2:1. 

Next, for the tangential component of electric 
field to vanish at the conductor surface, it is 
required that E,:=0 at r=), i.e., 


A,Jo(a1b) +B, Yo(ab) =a. (17) 


Matching the normal components of dielectric 
flux at the dielectric interface requires that 


eaEn=eak, at r=a; i.e., 


A,Ji(a:a) +B, Yi(a1a) =AJ;(ara). (18) 





Matching the tangential magnetic field at the 
dielectric interface yields no further information. 
Collecting and rearranging (13), (17), and (18), 
we have the set of linear homogeneous equations 
in A, Bi, and As: 


Qi al 
—Jo(a,a)A i+—YVo(a.a) Bi 


€1 €1 


a2 
——Jo(a2a)A — 0, (19) 


€2 
Jo(aib)A it Yo(a,b)B,=0, 
Ji(a,a)A i+ Yi(a,a)B,—J;(a2a)A2=0 


A necessary and sufficient condition that these 
equations be consistent is that the determinant 
of the coefficients vanish: 


ay a2 
—YVo(aia) ——Jo(a2a) 
€1 €2 


a) 
—Jo(a:a) 
€1 


J(a1b) Yo(a1b) 0 
J (aa) Yi(a;a) ein J (aa) 





=0. (20) 


2 Page 224 of reference 1. 
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If 8 is specified in advance, then a; and az are 
known from (14), and (20) specifies a necessary 
and sufficient relationship between a and b. The 
manner of using this information will be illus- 
trated by a later example. 

With (20) satisfied, any two of the three 
relations given in (19) may be used to solve for 
the ratios of the constants A;, Bi, and A». By 
using the first and the third, 


Ai=Ky4Ao, B,;=KpA2, - (21) 
where 


a2 ay 
TEA —Jo(a2a), — Yo(a;a) 








> €2 €1 
Ji(a2a), Y;(a1a) (22) 
a1 ae 
TE1a —Jo(a:a), —J (aa) 
Krz= _ €j €2 
Ji(aa), Ji(a2a) 





and we have made use of the standard identity 





Yo(s)Ji(s) — Ya(s)Jo(s) =2/ns. 
The field components are then given as follows: 


Medium 1: aS=r=b. 


a 
En=A >—[KaJo(arr) +KpYo(air) eo, 


JWE1 


B (23a) 
En=A o>—[KaJi(aur) +Kep Yi(a1r) bk, 


WE1 


Ags =f ol KaJi (aur) +Kp Yi (air) Je-#, 


Medium 2: 0=ra. 


a2 . 
E.,2 =A2—Jo(aor)e-**, 


Jwee2 








B (23b) 
E,2=A2—J1 (aor) e—*, 


WE2 


Hg2 =| oJ1 (aor) e—, 


In (23), the constant Az remains to be 
determined. 











we 
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1.3 AxIAL FIELD AS A FUNCTION OF TRANSMITTED POWER 


The constant A» may be evaluated in terms of the peak transmitted power Py or twice the average 
power P. For this purpose, the complex Poynting vector is integrated over a convenient cross 
section of the guide. This reduces to 


b 24 
Py= f f E,H,* -rd¢dr, 
o 0 


where H,* is the complex conjugate of Hy. By (22), Ka and Kz both contain the factor a2 and are 
therefore pure imaginaries. If E, and Hy are specified to have zero phase angle at x=0, then A: is 
also a pure imaginary, and j appears only in the exponential factor. The integration then runs 


B 
Py = 27A3—F(a,b; €1,€2), 
Wwe 
where 


a b 
r=— [ rFi(aarar+ f rLKaJi(our) +KeYVi(air) |*dr 
2 0 a 


A2=((Pu/2n)(we:/BF))}. 


At the center of the tube, the maximum value of the axial field E, is 


ao {Pu wer 
Meese -|—(> 


Qn BF 


1.4 FURTHER DISCUSSION OF THE SOLUTION 


The determinant (20) may be considered to yield a solution for b when a; and a2 are known. 
After defining a set of functions 
Jo(s) Ji(9s) Jo(s) Y,(s) 


1 = ’ 2 ay 3\5)'>= 4 = ’ 27 
Qi(s) Vals) Q2(s) TF Gs) Qs(s) = TAs)’ Qa(s) TA) (27) 





we can reduce (20) to the form 











i~j— —Qiduaiovew 


Qe €1 








Q1(a;b) aS . 
Q €2 Q3(a1a) 
tient et — 


Qe €j 1(a12) 




















All of these Q functions, with the exception of 
Q.(s), have been plotted.* Q2(s) is plotted in 
Fig. 2 of this paper. The use of these curves 
simplifies the calculation of b. 

The chief remaining problem is an evaluation 
of the function F(a, b; €1, €2) in (24). The func- 
tion is integrable in known Bessel functions. 
By reference to a standard treatise on Bessel 










































































Fig. 2—A useful ratio of certain Bessel functions 
5 Pages 200-203 of reference 1. of imaginary arguments. Q2 = —j[Ji(js)/Jo(js) }. 
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functions,‘ it can be shown that 


2KiKp Ki 
[¥s(aib) — Fs(ara) ]-+——[ F(ab) — F,(a,a) ], (29) 


2 2 
ae ay 


1 Ki, 
= —F(a,a) +—LFi(aub) = F\(a,a) J+ 
ay 


where 


Fy(s) =—(LNOP- LI A)}, 


F,(s) — F2(u) <7 iho F- Y0(s) Yo(s) } —S (Lv Yo(u) Yo(u) }, 
F3(s) =3 {s*L Yi(s)Ji(s) + Y2(s)J2(s)]—sL¥i(s)J2(s) + Y2(s)Ji(s) ]}. 
-* Future work may indicate whether or not these results can be simplified. 


2. Typical Example 








Suppose a 7M wave is to be set up at 
w=3-10" per second traveling at one-tenth the 
velocity of light in vacuum, so that V,=3-10' 
meters per second, whence 6=(10)* per meter. 
Assume the dielectric material is such that 














uw =4710~7 henry per meter, 
€,=(10~7/187) farad per meter 

(relative dielectric constant = 200), 
€2 = (10-°/367) farad per meter. 

















Then a;=10*, ag=710* by (14). Next, let us 
try using a radius a@=2 millimeters=2-10 8 12 16 20 i 
meter. Then r IN MILLIMETERS 









































a.a=2, Fig. 3—Distribution of field components in a 
a2a = 72, typical example. 
ay/€,=5.55-10", 


a2/€2 =j1.11 -10%, 
360 


From Fig. 2, Q2(j2) =0.70, and from reference 1 on 
and (27), 














280 





Q1(2) =0.45, 
Q3(2) =0.39, 240} 
Q4(2) = —0.19. 200 


s 


Then by (28), Q:(a:b) = —5.2 whence a 


120 























ab =0.73, 3.78, 6.89,.... 





80 
and 

















40 


b=0.7, 3.8, 6.9,...., millimeters. 3 = at 
% 04 O08 12 16 20 24 28 32 36 40 






































|_| conpuctor 





*G. N. Watson, “A Treatise on the Theory of Bessel F i ses die ve — 
Functions,” 2nd edition, Macmillan Company, New York; Fig. 4— Distribution of magnetic intensity in a 
1944, typical example. 
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We take b=3.8 millimeters as the smallest 
available value of b>a. A more careful calcula- 
tion using tables rather than curves shows that 
b=3.6 millimeters. 

Next, compute K,4 and Kz using (22). 


K4=153.3, 
Kp= 812.5. 


The expressions for the field components (23) 
then become 


Ha =A 22842[ Jo(air) +5.30 Yo(air) W™, 
En =jA 22892[ Ji (air) +5.30 Y; (aur) Je~#8*, 
Ay = jA2153.3[Ji (air) -+5.30 Y, (air) Je~#87, 
Ex = 23703J o(aer)e—78, 
Ey2=A23774J(aor)e— #7, 

Age =A; (aor )e— 78, 


These quantities are plotted as functions of 7 
in Figs. 3 and 4. Here it is plain that the electric 


Discussion 


vectors have the same orders of magnitude in 
both dielectrics, while the magnetic vector is 
practically negligible in the central dielectric. 
This fact, combined with the small cross-sectional 
area of the inner dielectric, results in most of 
the transmitted power being propagated in the 
outer dielectric. 

The factor F in (24) may be evaluated by 
numerical integration, whence it turns out that 
F= —0.00037 —0.3475 = —0.3479, the smaller 
term being the contribution of the inner di- 
electric. Since by (26) the transmitted power is 
related linearly to F, it can be seen that only 
about 0.1 percent of the power is propagated in 
the central region. 

By substitution in (26) we now have immedi- 
ately E.=5.77(Pm)', volts per centimeter, at 
the axis of the guide. 


Remarks on Slow Waves in Cylindrical Guides * 


EVERAL articles, one in 1944! and two 

more recently,* have appeared on the 

question of concentric dielectrics in cir- 
cular wave guides, each treating it from a 
different point of view. The problem considered 
by the more recent articles is the utilization of 
the 7Mo,1 mode. in a circular wave guide with 
two coaxial dielectrics to obtain wave propaga- 
tion with a phase velocity below that of light 
velocity. A main objective of each of these arti- 
cles is to obtain a method whereby one is able to 
determine the necessary values of the dielectric 
constants and radii involved, when the phase 
velocity is given some pre-assigned value. The 
earlier article considers the problem more gener- 


*By A. A. Oliner, Microwave Research Institute, 
Polytechnic Institute of Brooklyn, Brooklyn, New York, 
reprinted from Journal of Applied Physics, v. 19, pp. 109- 
110; January, 1948. 

1L. Pincherle, “Electromagnetic Waves in Metal Tubes 
Filled Longitudinally with Two Dielectrics,” Physical 
Review, v. 66, p. 118; 1944. 

2Sidney Frankel, ‘‘TMo, Mode in Circular Wave 
Guides with Two Coaxial Dielectrics,’ Journal of Applied 
Physics, v. 18, p. 650; 1947; G. G. Bruck and E. R. Wicher, 
“Slow Transverse Magnetic Waves in Cylindrical Guides,” 
Journal of Applied Physics, v. 18, p. 766; 1947. 


ally. All of the authors approach the problem by 
solving for the fields and then applying the ap- 
propriate boundary conditions. 

The purpose of this letter is twofold; (1) to 
indicate that an alternative and simpler method 
may be used to derive the necessary relations, 
and (2) to acquaint the reader with the existence 
of certain curves whose use greatly eases the 
calculations. 

The properties of an ideal wave guide are de- 
termined once the cut-off frequency is deter- 
mined. The cut-off frequency for a given mode 
corresponds to resonance for waves propagating 
transversely in the cross section. Therefore, to 
find the cut-off frequency of the guide, it is 
necessary only to determine the resonant fre- 
quency of the two-dimensional problem defined 
by the guide cross section. The condition for 
resonance that we apply is that, at any radius, 
the admittances looking in opposite radial 
directions should be equal and opposite. 

Since the above-mentioned articles do not 
agree as to notation, it is in place to specify the 
notation used here. The inner and outer regions 
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shall be regions 1 and 2, respectively (see Fig. 1). 
Dielectric constant € is greater than ¢,. k, shall 
represent the cut-off wave number, and 8, the 
propagation constant in the axial direction. We 
then have: 


ka=(k'e1—B")', Reo=(h?e2—8")!, (1) 
where k=w/c and B=w/v,, v, being the phase 
velocity. 

A radial guide is the appropriate one to use in 
the cross section since we have propagation down 
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a circularly cylindrical wave guide. The expres- 
sion for the admittance Y(r,) at radius 7 in 
terms of the admittance Y(re) at re, for the 
lowest E-type mode in a radial guide can be 
written in analogy with the uniform line case as 3* 


IA+E(x, y)et(x, y) V(r2)/ Yo(re) (2) 


MO) = VOC, 9) +5, 9) Ver)/ Yara)’ 


where 


Jo(x) No(y) — No(x) Jo(y) 

Ji(x)Ni(y) — Ni(x)Si(y)’ 
—_ Ji(x)No(y) — Ni(x) Jo(y) 

MX, Y) =F e)No(y) — Nol) Joy)" 


f(x, 9) = 


(3) 
Ji(y) No(x) — Nil(y) Jo(x) 
Ji(x) Ni(y) — Ni(x)Ji(y)’ 


x=k.ri, y=kr2, and Yo is the characteristic 
admittance of the guide which is a function of 
the radius. It may be seen that if a short circuit 
exists at 72, then Y(re) = ©, and Y(r;) reduces to: 


¥(r1) = —JVo(ridet(x, y). (4) 
Similarly, we find that for any finite Y(r.2=0): 


Ct(x, y) = 


Vir) =J¥alry 2. (5) 

The condition for resonance is satisfied if, at 

radius r=7;, we set Y+ Y=0. We then obtain: 
J i(k, 

Yoilr ge) mi Yoo(ri)ct(x, y), (6) 
where x=R,2r; and y=k,2r2. For E-type modes 
the ratio of the charac- 
teristic admittances is 
given by 
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We may note that k, 
is the propagation con- 
stant in the transverse 
region, although £ is the 
propagation constant 
in the axial direction. 
by aint Substituting for the 
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Purcell, “‘Principles of Mi- 
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diation Laboratory Series), 
McGraw-Hill Book Com- 
pany, New York, New York, 
to be published; a brief der- 
ivation may be found in 
Chapter 8. 
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tances, we obtain finally: 


€1kea J1(Rei1) 
€oke1 Jo(Reirs) —— ”, (8) 
where x =k,271 and y=k,ofe. 

It may be seen that (8) is identical, except for 
notation, with (8) of the article by Bruck and 
Wicher. These authors state that this expression 
_is the relation between the field velocity, tube 
radii, and dielectric constant, from which they 
obtain their results. They further state that this 
relation ‘‘can be solved by a combination of pa- 
tience with a variety of numerical procedures.”’ 
However, there exist curves of the combination 
of Bessel functions represented by ct(x, y). 
(See Fig. 2.) The values of ct(x, y) are plotted 
against y—x, with y/x as a parameter. The re- 
sults desired may be obtained quite rapidly by 
the use of these ct curves. The method involved 
here is essentially the same as that used by these 
authors; the curves simply serve to facilitate the 
calculations. 


As an example, one of the points considered by 
the above authors was checked using the c¢ curves. 
The phase velocity chosen was v,=0.2c, and the 
smaller and larger radii were 0.05\ and 0.10A, 
respectively. The required ratio of dielectric 
constants must be determined. The value 
€2/€.=57.3 was obtained by means of the ct 
curves. Bruck and Wicher state that €2/¢€,= 57.25. 

In the article by Frankel, the final relations 
are obtained in somewhat different form. How- 
ever, after appropriate rearranging of terms, (28) 
of Frankel’s article may be seen to be identical, 
again except for notation, with (8) above. In his 
“typical example,” Frankel specifies the values 
of all the necessary parameters except the larger 
radius, which must be solved for. His result, ob- 
tained graphically, is 3.8 millimeters. The result 
obtained by means of the ct curves is 3.77 
millimeters. Frankel states further that ‘“‘a more 
careful calculation using tables rather than 
curves” shows that the result should be 3.6 
millimeters. The writer believes that this state- 
ment is in error as the use of tables with (8) 
above yields a value of 3.773 millimeters. 





High-Ratio Multivibrator Frequency Divider 


By M. SILVER and A. SHADOWITZ 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


REQUENCY-DIVIDER chains of con- 
siderable length for obtaining two widely 
separated frequencies in synchronism with 

each other have been increasingly used in recent 
years. In television practice, for example, it is 
necessary to generate a 60-cycle-per-second sig- 
nal in exact lock with another of 31,500 cycles.! 
In frequency-modulation broadcast transmitters 
of the direct type, it is usual to divide the master- 
oscillator frequency by a factor of several hun- 
dred in order to reduce the index of modulation 
before comparison with the crystal oscillator. 
It has been customary to use a comparatively 
large number of dividers, either of the multi- 
vibrator or blocking-oscillator type, to accom- 
plish the above, since each divider must be re- 
stricted to a rather small order of division, about 
5, for stability under varying operating condi- 
tions. A system? has also been designed for ac- 
complishing high-order division with only a few 


B+ 


Fig. 1—Typical multivibrator-divider circuit. 


stages, by using saw-tooth dividers. The present 
article describes a somewhat similar circuit for a 
high-ratio multivibrator divider. 


1A. Rufus Applegarth, “Synchronizing Generators for 
Electronic Television,” Proceedings of the I.R.E., v. 34, 
pp. 128W-139W; March, 1946. 

* Geoffrey Builder, “‘A Stabilized Frequency Divider,” 
Proceedings of the I.R.E., v. 29, pp. 177-181; April, 1941. 


1. Circuit Operation 
1.1 StmpLE LockK-IN MULTIVIBRATOR 


Fig. 1 is the circuit diagram of an ordinary 
multivibrator divider. A synchronizing voltage 
(either pulse or sine wave) applied at the input 
will lock the multivibrator output frequency at 
an exact submultiple of the synchronizing fre- 
quency if the time constants and the amplitude 
of the input voltage are properly chosen. It is 
difficult to stabilize the order of division with this 
circuit; instead of dividing, say, by 20/1 as 
desired, a slight change in any one of a number 
of factors may cause division by 19/1 or 21/1. 
The value of the plate-supply voltage, the syn- 
chronizing-voltage amplitude or frequency, and 
aging of the tubes all combine to make high- 
order division critical. 


1.2 INSERTION OF CLIPPERS 


Suppose that we remove capacitor C (Fig. 1) 
between the first grid and second plate, and 
replace it with a tuned circuit followed by a 
two-stage clipper, as shown in Fig. 2. The 
output of the second clipper is fed back to the 
first grid. Resistor R has a high value in order 
that the Q of the tuned circuit may be high, and 
the bias on the first clipper stage is made high 
enough to prevent the flow of grid current. 
The capacitors connected with the clippers are 
all comparatively large. 

It can be seen that this circuit will oscillate 
only in the immediate vicinity of the resonant 
frequency of the tuned circuit, with or without 
synchronizing voltage at the input. A sine wave 
will be obtained at output A, while one side of 
the sine wave will be clipped at the grid of the 
second clipper stage. At output B (and in the 
multivibrator circuit proper), a square wave will 
be obtained. 

If we introduce a synchronizing voltage of a 
frequency close to an integral multiple of the 
tuned-circuit frequency, the multivibrator will 
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adjust itself to an exact subharmonic of the 
input. 

The action here is that of a lock-in of an un- 
stable oscillator to a stable oscillator ; a necessary 
condition for lock-in is that the two oscillators 
should have a harmonic frequency in common, 
and this is the reason for the double-clipper 
stage, which generates harmonics by squaring the 
sine wave. The frequency of the synchronizing 
voltage (the stable oscillator) must be close to 
one of the multivibrator harmonics for lock-in 
to occur; the higher the order of division desired, 
the more important it is that the waves be 
square. Since it is difficult to obtain good square 
waves at high repetition rates, it is also more 
difficult to obtain good division at the higher 
frequencies. The actual lock-in forces are pro- 
duced by third-order nonlinearities in the tube 
operating characteristic. 


1.3 LocK-IN RANGE 


For any given order of division, there is a range 
of synchronizing frequencies at which proper 
division is obtained. An example is given in Fig. 
3. This synchronizing-frequency range is directly 
proportional to the multivibrator operating 
range, which is determined by the Q of the tuned 
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SECOND 
CLIPPER 


FIRST 
CLIPPER 


OUTPUT B 


OUTPUTA 


Fig. 2—Modified circuit of Fig. 1, in which capacitor C 
is replaced by a tuned circuit and two clipper stages. 
Larger and more stable division ratios between input and 
output frequency are possible with this circuit. 


SYNCHRONIZING RANGES IN KILOCYLES 


40/1 


} 


584.415 
585.000 
585.565 
599.400 
600.600 
614.385 
615.000 


MULTIVIBRATOR OPERATING 
RANGE IN KILOCYCLES 


Fig. 3—Illustration of three of the synchronizing ranges 
of the multivibrator-divider circuit of Fig. 2. 
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circuit. If the multivibrator is driven at a differ- 
ent frequency from the exact resonant frequency 
of the tuned circuit, a phase shift is introduced 


AMPLITUDE OF SQUARE-WAVE OUTPUT 


FREQUENCY OF CONSTANT-AMPLITUDE INPUT SINE WAVE 


Fig. 4—Transmission characteristic of tuned-circuit- 
and-clipper coupling circuit. It exhibits the typical fre- 
quency-versus-amplitude curve of a tuned circuit, with a 
plateau at the top due to the clippers. 


in the tuned circuit; the phase shift for a given 
deviation in frequency increases with increasing 
Q, and proper division no longer occurs when the 
phase shift exceeds a certain critical value. 
Thus for higher orders of division, where adjacent 
synchronizing ranges become closer to each other, 
it is necessary to restrict the multivibrator 
operating range to 
smaller regions by 
using higher Q’s. 

The transmission 
characteristic of the 
circuit is shown in Fig. 
4. This curve may be 
obtained by removing 
the capacitor between 
the input grid and the 
second clipper plate, 
applying a_ variable- 
frequency constant- 
amplitude sine wave 
to the input, and ex- 
amining the output at 
the second clipper 
plate. The output volt- 
age will reach the 
maximum value at 
very low input voltages 
(of the order of milli- 
volts), and will then 


INPUT 


iron toroid. 


be a square wave. The plateau width (Fig. 4) 
can be varied by changing the bias of the 
first clipper, and bears no relation to the multi- 
vibrator lock-in range. 


2. Final Circuit 


Fig. 5 is the detailed schematic of a circuit 
that gives stable division ratios as high as 300/1 
(4.5 megacycles to 15 kilocycles). Adjustment 
for proper division can be made most easily 
with an oscilloscope at any of the -plates; when 
the multivibrator locks with the synchronizing 
frequency, it is possible to count the number of 
synchronizing-frequency pulses per multivibrator 
cycle. 


3. Conclusion 


The circuit described has the one outstanding 
advantage of simplicity; it requires but one 
tuned circuit and two tubes, and is quite insensi- 
tive to changes in operating conditions. In fact, 
since the values of resistance and capacitance 
have so little effect on the frequency, it would 
seem incorrect to call the circuit a multivibra- 
tor, except that it is derived from the ordinary 
multivibrator, and because it produces easily 
synchronized square waves. 


OUTPUT 


Fig. 5—Circuit dividing from 4.5 megacycles to 15 kilocycles, a 300-to-1 range. 
Inductance L consists of 800 turns of 28-American-Wire-Gauge wire on a powdered- 





Thermo-Electric and Conductive Properties of Blue 
Titanium Dioxide* 


By H. K. HENISCH 
Department of Physics, University of Reading, England 


1. Introduction 


HE thermo-electric properties of blue 

semi-conducting titanium dioxide are 

of special interest, both in connection 
with the possible practical applications of this 
material and because of the theoretical impor- 
tance of these effects. Titanium dioxide is also 
in many ways an ideal semi-conductor because 
its conductivity is purely electronic up to quite 
high temperatures! and the material is entirely 
stable under all normal conditions. Moreover, 
as far as is known, its structure with regard to 
electronic-energy distribution is substantially in 
accordance with the simple concepts on which 
semi-conductor theories are usually based. Ex- 
periments on this material should, therefore, 
offer welcome opportunities for checking the 
validity of these theories. 

Most theoretical work on semi-conductors 
necessarily assumes that the properties con- 
cerned are those of a single crystal of the ma- 
terial. During practical experiments, this condi- 
tion is rarely satisfied. Some experiments have 
indeed been carried out on single crystals and 
have yielded results of great value,** but most 
semi-conductors otherwise available for investi- 
gation are in the form of micro-crystalline con- 
glomerates. This means that properties like the 
conductivity will depend not only on the char- 
acteristics of individual grains, but also on the 
shape, orientation, and packing of grains within 
the conglomerate as a whole. As a rule, it is not 
possible to control these two contributing factors 
independently during the preparation of speci- 
mens, nor is it possible to distinguish between 
them by conductivity measurements alone. To 
test the predictions of theory, it is, therefore, 
necessary to measure some property that de- 
pends only on the composition (impurity con- 


* This article arises from work on semi-conductors that 
is being undertaken by the University of Reading, England, 
in behalf of Standard Telecommunication Laboratories 
Limited. 

1 All numbered references will be found on p. 177. 


tent) and not on the grain structure. The thermo- 
electric and Hall effects are two such properties 
and of these the former is likely to be the simpler 
to measure. Thermo-electric measurements are 
thus of value as means not only of testing the 
theory of semi-conductors, but also (in combina- 
tion with conductivity measurements on the 
same sample) of enabling the relative importance 
of composition and grain structure to be assessed. 

A considerable amount of experimental and 
theoretical work has been carried out on this 
subject in the past, probably most of it with 
special reference to cuprous oxide,‘— but some 
also in connection with selenium,“ lead sul- 
phide,'’ stannous sulphide,!® germanium,!” !8 cad- 
mium oxide,!® silicon,?’ ziiic oxide,”! and many 
other substances and mixtures.” Expressions for 
the thermo-electric power and the total thermo- 
electromotive force have been developed in terms 
of the temperatures 7, and 7:2 of two metal— 
semi-conductor junctions and various parameters 
characteristic of the materials concerned.!®!7% 
In practice, many of these equations cannot 
readily be subjected to experimental test, be- 
cause they are complicated and contain terms 
that cannot be independently estimated. It will 
be shown that by suitable choice of parameters it 
is possible to deduce approximate equations that 
are more suitable for direct experimental check, 
and the application of which leads to results of 
practical interest. 

As is well known, the temperature dependence 
of the conductivity is given by an equation 


o=o0exp [—eV,/2kT ], 


where oo usually varies much more slowly with 
temperature than the exponential term. Ac- 
cording to the simplest theory, eV, is the energy 
required to free an electron from an impurity 
centre and raise it into the conduction band. 
This activation energy also enters into the 
thermo-electric equations. It is shown in the 
present paper that the experimental values 
for this energy derived from conductivity 
and thermo-electric measurements on sintered 
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titanium dioxide specimens agree only as regards 
order of magnitude. This would be expected for 
specimens that are not entirely homogeneous, in 
the sense that their impurity content and activa- 
tion energy are subject to local variations. It is 
suggested that while the impurity content can 
vary continuously, only a few discrete values of 
the activation energy are possible and the differ- 
ent grains each have one or other of these 
values. The measured activation energy thus 
represents some form of average. The effect of 
non-uniform impurity content on the thermo- 
electric properties of the specimens can be 
calculated for an ideal case in which the im- 
purity concentration varies continuously through- 
out the solid. The conclusions are supported by 
the experimental results and are thought to be 
qualitatively correct even when the assumption 
of continuous variation is no longer satisfied. 

For a single homogeneous crystal, ¢»9 should be 
proportional to the square root of the concentra- 
tion of impurity centres.* For a micro-crystalline 
aggregate, this relation is generally not fulfilled, 
but it is found experimentally that some such 
correlation between oo and the average concen- 
tration of impurity centres (as inferred from 
thermo-electric measurements) still exists. The 
correlation is not exact, indicating that the 
intergranular boundaries and the grains them- 
selves make comparable contributions to the 
resistivity. 

The thermo-electric properties of semi-con- 
ductors have a practical as well as a theoretical 
interest owing to the magnitude of the thermo- 
powers involved. Thermo-couples consisting of a 
metal and a semi-conductor can have thermo- 
electric powers of the order of 1 millivolt per 
degree centigrade, which is between 10 and 80 
times as high as those observed on purely metallic 
couples. Semi-conductors may thus be very 
suitable for the construction of sensitive thermo- 
piles, and indeed have already been used for this 
purpose. 


2. Thermo-Electric Effects in Homoge- 


neous Semi-Conductors 


To simplify the problem as much as possible, 
the following treatment concerns only semi- 
conductors that are either completely of the 
“‘excess’’ or completely of the ‘‘deficit’”’ type, and 
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that are not subject to “‘intrinsic’’ semi-con- 
duction within the temperature range under 
discussion. 

Fig. 1 shows the approximate energy relations 
at the contact between a metal and a typical 


METAL SEMI-CONDUCTOR 


FORBIDDEN BAND 
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Fig. 1—Energy relations at the boundary between a metal 
and an excess semi-conductor. 
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excess semi-conductor. F is the Fermi-level of 
the metal, ¢ the activation energy of the semi- 
conductor, ¢@ and x are the thermionic work- 
functions of the metal and the semi-conductor, 
respectively, and Vp is called the diffusion 
potential. The potential barrier is of the type 
suggested by Schottky, but its precise shape or 
thickness is of no importance for present con- 
siderations. When contact is made, the relative 
heights of the Fermi-level and the conduction 
band adjust themselves so that the electrons on 
either side of the barrier are in dynamic equi- 
librium, i.e., so that equal numbers of electrons 
cross the barrier in opposite directions during 
any given time. This can only be if the electron 
concentration at any particular level, e.g., the 
peak of the barrier, is uniform. Since the electron 
concentrations decrease very nearly exponen- 
tially with increasing energy, the necessary 
equilibrium condition is 


np exp [—(¢—x)/kT ]=ns exp [—eVp/kT], (1) 


where nr is the electron concentration at the 
Fermi-level of the metal and mg that at the 
bottom of the conduction band in the semi- 
conductor. If II is the contact potential at the 
junction, then 


ell=¢—x—eVp (2) 
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and hence, after substitution into (1) and re- 
arrangement, 


Il=(Tk/e) log nr/ns. (3) 


This should not be confused with a similar equa- 
tion sometimes encountered in the literature 
(and now known to be erroneous), in which 2 
means the total electron concentration, inde- 
pendent of energy level. 

As a first approximation, we can assume that 
ms is given by some expression 


ns=A exp [—€/2kT ], (4) 


where the ‘‘concentration constant”’ A is nearly 
independent of temperature compared with the 
exponential term and is proportional to the 
square root of the concentration of impurity 
centres (compare (13)). Thus, we have 


Il = (Tk/e) (log nr/A+e€/2kT). (5) 


nr is not strictly independent of temperature 
(it is expected to decrease slightly as T increases), 
but it is convenient to neglect this for the 
present, i.e., to assume that the Thomson coeffi- 
cient of the metal is negligible compared with 
that of the semi-conductor. Integration of (5) 
gives 


E= (" (/T)éT=(T1—-T)(b/e) log nr/A 
T? 


' +(¢/2e) log T,/T2, 
where E is in absolute units, or 


E=(T,—T-2)(300k/e) log nr/A 
+(V./2) log T;/Ts2, Volts, 


(6A) 


(6B) 


where V, is the activation potential in volts. 
The polarity of the electromotive force is such 
that the metal electrode at the hot junction be- 
comes positive with respect to that at the cold 
junction. Equation (6B) already satisfies a 
number of important conditions. It is symmetri- 
cal in TJ, so that inter-change of J; and T» 
merely reverses the sign of the thermo-electro- 
motive force. Similarly, E=0 when 7,=T>. 
Inspection also shows that the law of inter- 
mediate metals and the corresponding law of 
intermediate semi-conductors are obeyed. 

The thermo-dielectric power is, of course, 
given by 


(dE/dT) 7 = (300k/e) log nr/A+Va/2T, (7) 
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according to which dE/dT cannot be zero at any 

temperature, unless ry <A. Cases in which this 

condition is definitely satisfied are not known. 
Re-arrangement of (6B) leads to ~ 


E 300k log =r (8) 


i.-%% © 5, 


Va 
log Z +3 


Thus, if the present considerations are correct, 
a straight line should be obtained by plotting 
the average thermo-power E/(71—T>2) against 
the function (log 71/T2)/(T1—T2). The activa- 
tion energy should be directly deducible from the 
slope of this line, and its intercept on the ordi- 
nate should be a function of the concentration 
of impurity centres. The average thermo-power 
is expected to be high for semi-conductors of low 
impurity content, and vice versa. 

The same argument is also applicable to a 
pure deficit semi-conductor, with the important 
difference that the resulting thermo-electro- 
motive forces are of the opposite polarity, i.e., 
the metal electrode at the hot junction becomes 
negatively charged. It was previously thought 
possible to determine the character of a given 
semi-conductor on the basis of this criterion 
alone, but it will be shown that this is not always 
reliable, even when the sign of log mr/A in (7) 
is known. 

The present treatment is based on the assump- 
tion that mr/A can be regarded as constant. A 
more accurate treatment would have to take 
account of the temperature dependence of A and 
of the finite Thomson coefficient of the metal. 
To do this with uncompromising precision would 
introduce considerable complications. It is, how- 
ever, possible to introduce a second stage of 
approximation without great difficulty. To do 
this, it is convenient to put 


nr/A =(np/A')T*, (9) 
where g is some constant, and to remember that 


o,—om=I/T—dll/dT, (10) 


where o, and o», are the Thomson coefficients of 
the semi-conductor and the metal respectively. 
Substitution into the previous equations then 
leads to 


O,—Om=€/2eT —gk/e. (11) 


Hence, if «, and o» were known independently, 
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the value of the constant g could be estimated by 
this indirect method. 

The Thomson coefficient of the semi-conductor 
can be simply calculated as follows. When two 
parts of a semi-conductor are at different tem- 
peratures, the electrons in the conduction band 
will reach equilibrium under the influence of 
two opposing tendencies: the normal process of 
thermal diffusion and the electric field resulting 
from any charge displacement. Electrons will 
drift from the hot to the cold regions, because 
their concentration as well as their kinetic energy 
increases very greatly with increasing tempera- 
ture. When equilibrium is reached and no cur- 
rent flows, this tendency to drift must just be 
counter-balanced by the electric field. The condi- 
tion for this is 

ebn F,=eD(dn/dx), 


where 6 is the electronic mobility, F, the local 
electric field, D the diffusion coefficient (=kTb/e), 
and m the fotal electron concentration in the 
conduction band, given by the well-known 
expression 


(12) 


n=CN'T* exp [—e/2kT ], (13) 


where C is a constant and WN the concentration 


of impurity centres. We then have 


F,=(kT/en)(dn/dx) (14) 
= (kT /en)(dn/dT)(dT/dx) 
or: 


(kT /e)(€/2kT?+3/4T) (dT /dx) 
=dE/dx =(dE/dT)(dT/dx). 


But dE/dT is the Thomson. coefficient* o,, so 
that 


(15) 


o,=e€/2eT +3k/4e. (16) 


Equation (13) is expected to hold with accuracy 
only as long as the concentration of free electrons 
is small compared with that of the impurity 
centres (see page 158 of reference 24), and (16) 
is, therefore, subject to the same limitation. 


*It was thought conceivable that thermal expansion 
might have a noticeable effect on the Thomson coefficient, 
in so far as it discourages electron diffusion away from the 
hot regions. The approximate calculation of this effect can 
proceed by the same method as before, taking into account 
that the electron concentration at any temperature T 
must be reduced by a factor 1/(1+cT), where c is the 
(volume) coefficient of thermal expansion. Using this 
correction, it follows that o,=6¢/2eT+(k/e)[3/4—cT/ 
(1+cT)]. Taking c as 10-* centimetres per degree centi- 
grade and T as 600 degrees absolute, substitution shows 
that the reduction of the Thomson coefficient by thermal 
expansion is negligible at all temperatures liere considered. 
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It is necessary to state that this assumption may 
not be entirely justified in the case of titanium 
dioxide. 

With regard to o», the first approximation was 
zero, and as a second approximation om =3k/2e 
is probably justified, although this is strictly 
correct only for a non-degenerate electron gas. 
We thus have 


om =o,—€/2eT + Qk/e 
= (k/e)(3/4+q) =3k/2e, 


(17) 
so that 
q=3/4. 

This can now be substituted into (9) and hence 
into (5), resulting in 
I1/T =(k/e) log n-/A’ 

+(3k/4e) log T+ €/2eT, 
which can be integrated with respect to tempera- 
ture to give in absolute units: 


E=(T,—T>)(k/e) log ny/A’+(€/2e) log T1/T2 
4+ (3k/4e)[T(log T—1)}f:. (20) 


After re-arrangement and conversion into volts, 
this becomes 
E 3k log T/T» 3k 


r. me — i? 3007011 r. — 3007, log T2 


oll k Ne 5 Ve log T/T» 
= 3005{ log 3) + (“Fo ) (21) 


(18) 


(19) 


where Vg is again the activation potential in 
volts, corresponding to V, in (6B). Its value can 
be deduced from the line obtained by plotting 
the left-hand side of (21), of which all quantities 
are known in terms of experimental results, 
against the usual (log 7;/T2)/(71—T:2). Equa- 
tion (21) should represent a better approxima- 
tion to the facts than (6B), subject to the main 
assumption being valid, namely, that the semi- 
conductor is homogeneous. 

3. Thermo-Electric Effects in Heteroge- 
neous Semi-Conductors 


The semi-conductors normally available for 
investigation are often not entirely homoge- 
neous, and it is important to examine the anoma- 
lies that can occur as a result of heterogeneous 
structure. Two important types of heterogeneity 
can be envisaged. Thus, a semi-conductor may 
have a regular grain structure, but the concentra- 
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tion of impurity centres may change systemati- 
cally from one side of the solid to the other. 
Alternatively, the substance may be a con- 
glomerate of grains, which differ individually in 
impurity content in a random manner, so that 
numerous large concentration gradients are 
distributed throughout the solid. In practice, 
the two cases may, of course, arise simultaneously. 

Consider the effect of continuous concentration 
gradients on the Thomson coefficient of the semi- 
conductor. To substitute for 2 in (12), when NV 
is a function of x, we must put 


dn/dx = (0n/dT)(dT/dx) + (dn/dN)(dN/dx), (22) 
which gives 


dn ¢ , 3\dT, m dN 
ae" sure tar- las Ns ae - 


and, after substitution into (14), we obtain 
dE e , 3k\ , kT, (dN/dx) 

(Gr), ae (ar: _ as) + 2eN, (dT/dx) 
It will be noted that this reduces to the previous 
form (16) when dN/dx is zero. Otherwise, the 
local value of the Thomson coefficient depends 
on the ratio of the concentration gradient to the 
temperature gradient. 

If the specimen is entirely at a uniform tem- 
perature 7, then the first term in (24) cannot 
make any contribution to the voltage, since its 
temperature integral between identical limits is 
zero. The second term, however, gives rise to an 
electromotive force Ey between any two points 


that are characterised by impurity concentra- 
tions NV, and Nz respectively given by 


(24) 





Ni 
Ey=(kT/2¢) f (1/N)dN 
**  (&T/2e) log Ns/N». (25) 


This electromotive force may be termed a 
“distributed contact potential.’’ The influence of 
this distributed contact potential on the con- 
ventional representation of energy levels is shown 
in Fig. 2. The voltage Ey is not directly meas- 
urable by means of contact electrodes, because 
it is exactly balanced by equal and opposite 
contact potential at the two junctions. 

If the junctions at the ends of a heterogeneous 
semi-conductor are at the same temperature, but 
temperature gradients exist elsewhere between 
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the two contacts, then the contact potentials at 
the junctions and the distributed contact poten- 
tial within the solid are not necessarily equal and 
opposite, and a residual electromotive force E, 
can, therefore, appear between the electrodes, 


given by 
_ T, dN/dx) 
sade ae N,(@T/dx)"" (26) 
If dN/dx, as well as dT /dx, vary symmetrically 
between the two electrodes, £, is zero, but if 
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Fig. 2—Energy relations in an excess semi-conductor of 
non-uniform impurity content. 


either variable is unsymmetrical, £, will have a 
finite value, which may be of either sign. 

If the junctions at the ends of the semi- 
conductor are not at the same temperature, the 
normal thermo-electromotive force will, of course, 
appear in addition to the ‘distributed thermo- 
electromotive force’ of magnitude 

k (™ T,(dN/dx) 
fos, a WN. Tax)’ 


T2 


(27) 


This electromotive force’ will have the greatest 
influence on the effective thermo-power when 
the temperature differences are small, and its 
presence should cause the apparent thermo- 
power to tend to infinity as | 7,— 7T.|->0. When 
the normal thermo-electromotive force is small, 
the sign of the effective thermo-power may be 
entirely dominated by Ep. 

In the general case, the equation for the total 
thermo-electromotive force developed between 
two points at temperatures 7; and T2 and charac- 
terized by constants Ai and A2 becomes too 
complicated to be of practical use, namely, 


E=(kT;/e) log (n-/Ai)T? 
—(kT2/e) log (n7/A2)T} 
— (3k/4e)(T1—T2) 


+(¢€/2e) log 71/T2+Ep. (28) 
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If Ai~A2 and |7,—T»|>>0, (21) should still be 
approximately obeyed. 

These considerations show that as far as 
significant results can be obtained at all by ex- 
periments on heterogeneous materials, they 
necessitate the use of large temperature differ- 
ences to minimize the effect of the distributed 
thermo-electromotive forces. In general, the 
properties of semi-conductors are very sensitive 
to changes of condition during their preparation. 
The existence of small variations of impurity 
content is, therefore, to be expected in sintered 
semi-conductors (e.g., as a result of uneven 
temperature distribution during their prepara- 
tion) and probably in most others, particularly 
if the specimens are of considerable size. 

The thermo-electric anomalies caused by the 
presence of concentration gradients are still ex- 
pected to appear if the material concerned is a 
heterogeneous conglomerate of the second type, 
as envisaged above, provided that differences 
exist between the average impurity content of 
various regions in the solid. 


4, Preparation and Micro-Structure of 
Titanium Dioxide Specimens 


The specimens for the present investigation 
were prepared by pressing fine titanium dioxide 
powder into rectangular rods 10 centimetres long 
and 1 centimetre square under standard condi- 
tions. These rods were then pre-fired in air at 
about 1050 degrees centigrade for 1.5 hours. 
During this process, some volatile impurities are 
eliminated and the powder gains cohesion. The 
specimens were then slowly inserted into an 
electrically heated tube-furnace which was al- 
ready at a temperature of 1000 degrees centi- 
grade. During the four hours following, the tem- 
perature was raised to 1500 degrees and a mix- 
ture of 70 per cent nitrogen and 30 per cent 
hydrogen was passed through the tube. The 
specimens remained at the high temperature for 
four hours before the oven was allowed to cool. 
Each batch of four samples was then divided 
into two pairs. One pair was withdrawn from the 
oven after a cooling period of 25 minutes (1200 
degrees) and then cooled further in the open air. 
These specimens will be referred to as ‘‘chilled,”’ 
to distinguish them from those that were more 
“slowly cooled,” i.e., that remained in the 


oven until its temperature had fallen to 700 
degrees after 1.5 hours. These specimens were 
then further cooled while surrounded with 
asbestos packing. Owing to differential contrac- 
tion, the number of breakages during ‘‘chilling’’ 
was considerable. 

Chilled and slowly cooled specimens were ex- 
pected to differ with regard to the concentration 
of ions which are ‘‘frozen’’ in interstitial posi- 
tions, but no information was available as to 
whether the above differences in the rates of 
cooling are sufficient to have any appreciable 
effect in this respect. 

The high-temperature sintering process in a 
reducing atmosphere results in a further elimina- 
tion of volatile impurities and in a volume 
shrinkage of between 44 and 56 per cent. The 
reduced specimens are greyish-blue, with a 
metallic lustre, very hard and brittle. Their 
density is approximately 3.8 grams per cubic 
centimetre and does not vary between wide 
limits. The specimens are only slightly porous. 
X-ray powder-photographs have shown that 
they consist of rutile, and there is no evidence of 
the existence of any second crystalline phase. 

The specimens were examined under the micro- 
scope in the form of very thin layers (20-30 
microns) and as a very fine powder (capable of 
passing through a No. 100 mesh), both mounted 
in Canada balsam. It was found that these sin- 
tered bodies are not of homogeneous composition, 
but consist of four types of grains. 


A. Small, faintly yellow grains, slightly bi-refringent and 
slightly pleocroic, having the characteristic appearance of 
normal rutile. 


B. Grains of similar appearance except as regards their 
colour, which varies from slightly grey to dark blue-grey. 


C. Fairly large black grains, often needle shaped, inter- 
spersed amongst a continuum of types A and B, and much 
more frequent in regions where the latter type is common. 


D. Foreign impurities of two kinds: small grains of a 
red crystalline material, thought to be haematite, and 
somewhat larger grains of a material whose refractive index 
is very nearly the same as that of Canada balsam, probably 
quartz. Both kinds are only present in minute proportions 
and could not make any measurable contribution to the 
conductivity. 


It was later found that the concentration of 
black needle-shaped crystals is greatest in the 
chilled specimens and smallest in specimens of 
low conductivity. The grain structure of the 
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specimens is usually regular throughout the bulk 
of the material, but near the surface the propor- 
tion of yellow rutile grains increases sharply. 
This surface layer, which is of much higher re- 
sistivity than the rest of the material, is best 
developed on the slowly cooled specimens, i.e., 
those which have been for a longer time under 
conditions favourable for re-oxidation. The 
photo-micrograph, Fig. 3, shows the boundary 


Fig. 3—Photo-micrograph of titanium dioxide specimen 
approximately 1.4 millimetres in diameter. Bulk material 
is at the left and the surface layer at the right. 


between the bulk of the material on the left and 
the surface layer on the right. When a specimen 
is broken up into a fine powder, there is some 
tendency for grains of uniform colour (and hence, 
presumably, of uniform composition) to remain 
intact. © 

The existence of this grain structure and the 
correlation of some of its characteristics with the 
method of preparation and the resistivity of the 
samples must inevit- 
ably be of great im- 
portance for the inter- 
pretation of the experi- 
mental results. There 
is reason to believe that 
these considerations 
are not confined to the 
present case, but are 
probably relevant to 
many other semi-con- 
ductors and to many 
measure- 
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mal theory of semi-conductors is not quantita- 
tively applicable to conglomerates of the type 
here described. 


3d. Experimental Technique 


As far as thermo-electric measurements on 
semi-conductors are concerned, either of two 
distinct methods can be adopted. One method 
consists of establishing a large temperature differ- 
ence between two metallic junctions on the semi- 
conductor and measuring the resulting (total) 
thermo-electromotive force. The other consists of 
raising (or lowering) the whole specimen to the 
desired average temperature, and measuring the 
thermo-electromotive force due to a small tem- 
perature difference between the two junctions. 
If this temperature difference is sufficiently small, 
the measurement yields the true thermo-power 
at the temperature concerned. This is the method 
that has usually been adopted in the past, but it 
suffers from the grave draw-backs already dis- 
cussed in Section 3. This is thought to be the 
reason for the low accuracy claimed by previous 
experimentors. Thus Morton’s results are con- 
sistent only within +5 per cent, and those of 
Vogt!® within even wider limits. On these 
grounds and also for reasons of greater experi- 
mental convenience, the first method was used 
during this investigation. 

The simple arrangement is shown schemati- 
cally in Fig. 4. The semi-conducting rod under 
test rested on two supports and was insulated 
from them by thin sheets of mica. On each side, 
a thin brass disc was firmly clamped to the 
specimen. The pressure was adjusted until the 
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Fig. 4—Experimental arrangement for thermo-electric measurements. 
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contact resistance remained approximately con- 
stant. These brass discs, of which Fig. 5 is an 
enlarged representation, served as electrodes. 
Their tempertures could be determined by means 


{—— 


0-15 CENTIMETRES 7 
CHROMEL 


0-81 CENTIMETRES = NICKEL 
i ALUMEL 


Fig. 5—Thermo-couple electrodes. 


of the attached ‘‘Chromel-Alumel’’ thermo- 
couples. The thermo-electromotive forces other- 
wise measured are those between the semi- 
conductor and nickel. One of the discs was heated 
by means of the heater, which was operated 
from a variable auto-transformer. To protect the 
associated galvanometer circuits in the event of 
a breakdown, the heater was electrically insu- 
lated from the electrode by a thin sheet of mica. 
The other electrode could be cooled from below 
and above by filling the vessels which form the 
clamp with solid carbon dioxide or liquid air. 
Cooling from below and above was found to be 
essential to make the best possible use of the 
cooling agent. The specimen was surrounded 
with asbestos lagging so as to exclude draughts, 
which were otherwise found to have a deleterious 
effect on the temperature stability of the system. 
To test whether slight oxidation of the electrodes 
could introduce substantial errors, some of the 
measurements were repeated, using gold-plated 
electrodes. Consistent results were obtained, 
and it can thus be assumed that if any oxide 
film is formed on the electrodes at temperatures 
below 450 degrees centigrade, it is too thin to 
introduce any appreciable temperature gradients. 

The whole arrangement is associated with a 
suitable potentiometer circuit. Each complete 
measurement thus demands the determination 
of T; and T» (by reference to oil-immersed cold 
junctions at a known temperature) and E, the 
resulting thermo-electromotive force between the 
semi-conductor and nickel. 

The resistivity of the same specimens was 
measured between room temperature and 200 
degrees centigrade, using the simple jig illus- 
trated in Fig. 6. The potential probes, which were 


held in position by springs, rested on thin graph- 
ite lines which served to reduce the resistance 
in the probe circuit. The jig was mounted in an 
oven in turbulent air, and the potential differ- 
ence between the probes measured at various 
temperatures for a constant current of 10 milli- 
amperes. 

It soon became evident that special precau- 
tions must be taken to eliminate unwanted 
thermo-electromotive forces in the potential 
probe circuit, or to correct for_ their presence. 
In view of the large thermo-powers developed by 
the junctions of the semi-conductor and the 
probes, very small temperature gradients along 
the specimen can lead to substantial errors in 
the determined resistivities. As small tempera- 
ture gradients could not be entirely eliminated, 
a correction was made by measuring the themo- 
electromotive force between the potential probes 
when the specimen was disconnected from the 
battery circuit. This procedure greatly improved 
the consistency of the results. 


6. Resistivity Measurements 


The room-temperature (20 degrees centi- 
grade) resistivity of the present specimens lies 
between 0.10 and 0.18 ohm-centimetres and 
is independent of the applied voltage. The tem- 
perature coefficient at 20 degrees centigrade 
is of the order of 1 per cent per degree centigrade 
and decreases with increasing temperature. All 
resistivity measurements between room tempera- 
ture and 200 degrees centigrade were found to be 
strictly repeatable. Fig. 7 shows that—as might 
be expected—there is some correlation between 
the resistivity at room temperature and the 
percentage shrinkage during preparation. (All 
resistivities quoted are “‘effective’’ values. The 
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Fig. 6—Experimental arrangement for 
resistivity measurements. 
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existence of the more highly resistive surface 
layer of the specimens was neglected in the 
calculation. ) 


RESISTIVITY AT 20 DEGREES CENTIGRADE 
IN OHM-CENTIMETRES 


SHRINKAGE IN PER CENT 


Fig. 7—Relation between resistivity at room tempera- 
ture and shrinkage of specimens during firing. The speci- 
men numbers are quoted. 


No significant difference between chilled and 
slowly cooled specimens was noted. This seems 
to indicate that the process of chilling was not 
sufficiently drastic to make any appreciable 
difference in the concentration of ions frozen in 
interstitial positions. Alternatively, it may be 
that the critical temperature below which the 
presence of interstitial ions affects the resistivity 
measurements is considerably lower than room- 
temperature. (See page 160 of reference 24.) 
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To obtain the effective activation energies of 
the specimens, the results can be plotted in two 
alternative ways. For small temperature ranges, 
the expression 


R=Ry exp [eV2/2kT] (29) 


is often a sufficiently accurate representation of 
the experimental results. A value for V. can 
then be deduced from the slope of the line ob- 
tained by plotting R against 1/7. However, for 
measurements over the temperature range here 
employed, these lines are all noticeably curved, 
so that only average gradients can be found 
from them. This means that the temperature 
dependence of Rp is not negligible compared with 
that of the exponential term. This does not seem 
to have been observed during some previous 
experiments on titanium dioxide.” An expression 
for R, which is theoretically more satisfactory 
than (29), is 

R=KT* exp [eV.,/2kT ], (30) 


where K is a constant. A straight line should 
thus be obtained by plotting log R/T‘ against 
1/T. This was found to be the case, as shown in 
Fig. 8 for three typical specimens.t 

A survey and summary of the results will be 
found in Table I. Wherever applicable, intercepts 
have been corrected for the different cross- 
sectional areas of the various’ specimens. It will 
be noted that V, and V;, the two activation 
potentials deduced from (29) and (30) respec- 
tively are not identical. V, must be regarded 
as the more correct and significant value, even 
if its fundamental meaning is still somewhat in 
doubt. 


} For convenience, a multiple of the voltage Vp between 
the potential probes for a constant current (10 milli- 
amperes) is used instead of the resistance R. 


TABLE I 


3k nF 2 
log a 10 


ictivi , 1 3 a 
ine Resistivity | onmem | — volts ke 
Ohm-cm aS Se dec nF a 
(30) (29) (8) 

0.179 0.248 
0.114 0.165 
0.082 0.193 
0.133 0.191 
0.176 0.207 
0.202 


0.275 
0.073 0.134 
0.123 


0.183 
0.077 


Specimen 
Number 


0.081 
0.088 
0.078 
0.076 
0.072 
0.071 
0.118 
0.107 
0.108 


0.151 
0.120 
0.116 
0.105 
0.141 
0.144 
0.122 
0.177 
0.117 


chilled 
chilled 
chilled 
siow cooled 
slow cooled 
slow cooled 
slow cooled 
slow cooled 


slow cooled 0.162 
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Fig. 8—Effect of temperature on the resistance of three 
KT‘ exp [eV,/2kT]. V, is the probe 





Fig. 9—Correlation between experimental values of con- 
centration constant K and effective activation energy (V;). 

















Meyer and Neldel*® 
have proved the exist- 
ence of a definite rela- 
tion between V, and Ro, 
contrary toearlier theo- 
retical expectations. 
Fig. 9 shows that some 
such correlation also ex- 
ists in the present case. 
(V, and K are actually 
plotted.) The values 
obtained for V, fall 
within narrow limits 
compared with those 
quoted by the above 
authors. (From 0.049 to 1.044 volts.) 
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7. Thermo-Electric Measurements 


Measurements of the thermo-electromotive 
force of titanium dioxide—nickel couples were 
carried out over a temperature range from —176 
to +400 degrees centigrade. Fig. 10 gives the 
results of one such complete series, plotted in 
accordance with (21). The temperatures T; and 
T: are marked for representative points. It will 
be seen that over this wide temperature range 
the results are substantially in agreement with 
theory.{ In general, the larger the temperature 
difference between the two junctions, the closer 
is the agreement of the results with the predicted 
straight-line characteristic. The deviations which 
exist appear to be typical for the present speci- 
mens. Large temperature gradients in the neigh- 
bourhood of the cold junction result in slightly 
low values for the average thermo-power, whereas 
large gradients in the neighbourhood of the hot 
junction do the reverse. It is to be expected that 
the latter occur shortly after the heater current 
is switched on, the former mostly during the 
initial period of cooling by means of solid carbon 
dioxide or liquid air. As the cooling and heating 
processes continue, the temperature gradients 
become less sharp and, if 7,—7> is sufficiently 
large, their effect becomes negligible. 

None of the points in Fig. 10 corresponds to a 
temperature difference of less than 70 degrees 
centigrade. If 7;—T2 is appreciably smaller, 
large deviations from the predicted behaviour 

t When the experimental results are plotted in accord- 


ance with (8), they likewise give a straight line, though of 
smaller slope. 
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are observed. These deviations 
are interpreted as the direct 
consequence of the distributed 
thermo-electromotive forces that 
are expected to arise from the 
heterogeneous structure of the 
present specimens. The region 
of small temperature differences 
was further investigated in an 
attempt to isolate the normal 
thermo-electromotive force from 
the distributed thermo-electro- 
motive force. To do this, a small 
asymmetrically wound heating 
coil was placed between the two 
main junctions (in the neigh- 
bourhood of the cold electrode) to produce the 
desired asymmetrical temperature distribution. 
Due to the presence of this subsidiary heater, 
T, rose to a constant value. The main heater was 
then switched on, and 7; raised to and above Ts. 
The resulting thermo-electromotive forces were 
measured, and the results plotted in Fig. 11. 
They show clearly that the apparent average 
thermo-power tends to infinity as |7,—T7>2| 
tends to zero, which means that a finite thermo- 
electromotive force E, 
exists even when 7,= 
T». It will also be seen 
that the thermo-power 
of the couple is al- 
ways positive provided 
|T:—T>| is large, but 
can be of either sign 
when | 7,—T>| is small. 
If the subsidiary heater 
is displaced, the rela- 
tive positions of the 
temperature and con- 
centration gradients 
are also changed and 
this can be shown to 
have a considerable ef- 
fect on the magnitude 
of E,. The pairs of lines 
marked a, b, and ¢ on 
Fig. 11 refer to three 
positions of the subsi- 
diary heater. It will be 
noted that £, changes 
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Fig. 11—Effect of distributed thermo-electromotive forces on apparent average thermo- 
power of the heterogeneous specimen 36. 
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Fig. 10—Graphical determination of activation energy from thermo-electric 
measurements. Plot of experimental results in accordance with (21). Tem- 
peratures 7, and 7, are indicated for representative points. Specimen 26. 


sign between positions a and b, which seems to 
indicate that the average impurity content varies 
approximately symmetrically along the sample. 
Under the conditions to which Fig. 11 refers, 
E, is +5.9 millivolts for position a, +1.5 milli- 
volts for position 6, and —6.4 millivolts for posi- 
tion c. There is, of course, some position between 
a and b for which £, is zero. 
Thermo-electromotive forces of this type have 
already been observed in the case of metals by 
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Feng and Band,” though these authors did not 
associate them with any heterogeneous structure 
of the materials used. The distributed thermo- 
electromotive forces observed on the present 
samples are higher than those of metals by about 
two orders of magnitude. 

The sign of the thermo-power of a semi- 
conductor—metal couple is generally taken as 
evidence for the character of the semi-conduc- 
tor.!° The demonstrated existence of distributed 
thermo-electromotive forces means, however, 
that this criterion is not valid unless the semi- 
conductor is known to be entirely homogeneous 
or unless the measurements are carried out for 
large temperature differences. In the general 
case, there is a further ambiguity owing to the 
fact that log mr/A in (7) can be of either sign. 
Hence, it is important to know not only the 
sign of the thermo-power at a given tempera- 
ture, but the exact characteristics of the couple 
over the widest possible temperature range. 
Conclusions derived from single measurements 
using small temperature differences can be 
entirely misleading in this respect. 

Values for the activation potentials V, and Vz 
were deduced from the experimental results and 
incorporated in Table I. It will be noted that 
V, and Vz are not identical, but agree as regards 
general order of magnitude. Curiously enough, 
the agreement is best in the cases of specimens 
21, 18, and 25, i.e., those which on Fig. 9 differ 
most prominently from the remaining samples. 
Otherwise, we have Va< Vaand Vg< V2, without 
any significant correlation between these quan- 
tities. 


8. Discussion 


Two important problems arise in connection 
with the present—and indeed many previous— 
measurements. Firstly, it will be observed that 
the nine specimens on which measurements 
have been carried out have yielded 15 different 
values for the activation energy. There is, in fact, 
nothing to suggest that Vs and V, cannot vary 
continuously over a wide range of voltages. 
If eV, (or eVg) is the width of the energy gap 
between the impurity level and the conduction 
band of the solid, these results would mean that 


the width of this gap can vary continuously. 
This is very hard to envisage. On the contrary, 
it is to be expected that there are only a limited 
number of positions in the unit cell of the crystal 
lattice in which an interstitial atom can be ac- 
commodated, and while each of these may be 
associated with a different activation energy, 
the total number of such values should be small. 
Secondly, there is no @ priori reason for any 
correlation between the activation energies and 
the impurity contents of various specimens, un- 
less, of course, the impurity content is so large 
that the centres interfere with one another. 
This interference, although possible, does not 
seem to be the general solution of the problem, 
since Meyer® has shown the existence of this 
correlation even for specimens which were ex- 
cellent insulators at room temperature, i.e., 
specimens in which. the concentration of im- 
purity centres must have been very small 
indeed. 

Since the present specimens are not homoge- 
neous, but contain grains of different impurity 
content, it appears reasonable to associate the 
multiplicity of values for Va and V, (similarly 
V. and Vg) with the multiplicity of proportions 
in which grains of different purity may constitute 
any particular specimen. V, and V; then have the 
significance of ‘‘effective’’ activation energies, 
and are dependent on the activation energies of 
the different types of grains. The problem in its 
simplest form can be formulated as follows: 
What are the effective values of Ry and Vz of a 
solid conglomerate composed of semi-conducting 
grains whose individual constants or group con- 
stants are 7, 7o,.. . «, fn, and Vai, Vas, . a ee 
(so that Rn=rn exp [@Van/2kT |), and which are 
present in concentrations Cj, C2,.. . ., Cn, respec- 
tively? It is assumed that 7, depends only on 
the concentration of impurity centres within 
each type of grain and can, therefore, vary con- 
tinuously, whereas the activation energies Van 
are limited to a small number of definite values. 
To obtain an approximate solution, Borelius 
and co-workers” have suggested the application 
of a much earlier result due to Lichtenecker” on 
the resistivity of mixtures. Lichtenecker’s calcu- 
lations are mainly intended for two-dimensional 
models of two almost continuous constituents, 
but could be generalized in the following form. 
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The resistivity of the aggregate must be given 
by some function 


RePils, Rei cs ss Rak Cotes s . «tes Gd) 


Lichtenecker also imposes the (arbitrary) condi- 
tion: 


1/R=F(1/R,, 1/Ro, oe eg i/R: 


CilOsc as ape. (62) 


Further, we must have R=R, if cn=1 and R=0 
if R,=0 and c,#0. The simplest expression 
which satisfies these conditions is 


R=|[Rir™, (33) 


where the quantities g are parameters that de- 
pend on the geometrical configuration of the 
grains. For dimensional reasons, we must also 
have 2cng,=1. 

Equation (33) cannot, of course, represent 
more than a first approximation. The treatment 
does not take account of the potential barriers 
between individual grains, nor does it seem 
probable that the characteristics of the configura- 
tion can be satisfactorily expressed by a single 
parameter for each constituent. Subject to these 
reservations, however, the expression is partially 
successful, in so far as it predicts the existence 
of an effective activation energy eV, where 


Va=ZenEnVan; (34) 


a quantity which must be expected to vary from 
sample to sample. Also, since 


Ro=[[rin, (35) 


some correlation between the values of V, and 
Ry is to be expected for specimens which have 
similar values of g. 

If the resistivity of the specimens were en- 
tirely due to the properties of individual grains 
and not to structural factors, a close negative 
correlation should exist between resistivity and 
the concentration of impurity centres. If the 
present considerations are correct, the intercepts 
of the lines obtained by plotting the results of 
thermo-electric measurements in accordance 
with (8) should arrange the specimens approxi- 
mately in the reversed order of their average 
impurity content. Fig. 12 shows that a correla- 
tion between these intercepts and those on Fig. 8 
(representing the resistivities) does indeed exist. 
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The fact that the correlation is not complete 
can be interpreted as meaning that the average 
impurity content of the grains and their geomet- 
rical configuration make comparable contribu- 
tions to the resistivity. 

The precise manner in which the different 
types of grain affect the resistivity of the sub- 
stance as a whole remains a subject for future 
investigation. Because the grains presumably 
differ as regards their impurity content, the 
Schottky barriers at each grain contact repre- 
sent an additional source of resistance. Each 
barrier of this type would normally have non- 
linear and even slightly rectifying conduction 
characteristics, if the applied voltage is large. 
For small voltages, these resistances should be 
ohmic. The resistivity of the specimens as a 
whole was found to be strictly independent of 
the applied voltage, and it must therefore be 
assumed that the voltage developed across 
individual barriers is too small to produce non- 
linear conduction, but that the total voltage 
across all barriers is an appreciable fraction of 
the total voltage applied. 

The correlation of results shown in Fig. 12 
confirms that semi-conductor—metal couples of 
high thermo-power are also expected to have a 
high resistance. This provides a natural limit of 
practical applicability, because high thermo- 
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Fig. 12—Correlation between thermo-electric and 
resistivity measurements. 
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powers can only be usefully employed as long as 
the internal resistance of the couples is reasonably 
low. 

With regard to the experimental values for 
the activation potential, agreement between V;, 
and Vz, can only be expected as regards order of 
magnitude in the case of specimens that are 
not homogeneous. The internal mechanism by 
which activation energies can be ‘“‘compounded”’ 
from a series of different contributions is still 
practically unexplored. There is no a priori 
reason to assume that the resultant value should 
be identical for conductive and thermo-electric 
processes. In the latter case, the heterogeneous 
structure is expected to result in ‘internal short- 
circuits” which would tend to diminish the total 
thermo-electromotive forces. This may account 
for the fact that V, is always greater than V3, 
but the problem does not seem to lend itself to 
more precise analysis. For homogeneous ma- 
terials V, and V3 should, however, be identical, 
and it would be of great interest to repeat the 
present experiments on substances that can be 
obtained in the form of single homogeneous 
crystals of suitable size. 


9. Summary of Main Conclusions 


A. A simple theory of thermo-electric effects, based on 
the electronic energy relations at a contact, leads to an 
expression (21) that is in qualitative agreement with ex- 
perimental results over the temperature range —176 to 
+400 degrees centigrade. 


B. The Thomson coefficient of a semi-conductor can be 
deduced from the equilibrium condition between thermal 
diffusion and electric fields. (Equations (16) and (24).) 


C. Sintered titanium dioxide specimens consist of grains 
of different colour and hence, presumably, of different 
impurity content. 


D. In a semi-conductor that is not homogeneous (i.e., 
in which the average concentration of impurity centres is 
subject to local variations), ‘‘distributed contact poten- 
tials’’ must exist throughout the solid, even when the tem- 
perature is uniform. Distributed contact potentials cannot 
be directly measured by means of contact electrodes, 
since they are equal and opposite to the normal contact 
potentials. 


E. If temperature gradients exist in a heterogeneous 
semi-conductor, ‘distributed thermo-electromotive forces” 
appear in addition to the normal thermo-electromotive 
force. As a result, the apparent average thermo-power 
(En+£)/(Ti—T:2) tends to infinity as the temperature 
difference between the junctions tends to zero. 


F. Thermo-electric measurements can be used to grade 
a series of specimens in the order of their average impurity 
content. Comparison with the results of resistivity meas- 
urements then gives some guidance as to the extent to 
which the grain configuration affects the resistivity. The 
influence of configuration is detectable for the present 
specimens. 

G. If only one mechanism of conduction is active, 
thermo-electric measurements can be used to determine the 
character of a semi-conductor (excess of deficit type), 
provided that large temperature differences are used and 
certain precautions observed. 


H. The magnitude of the distributed thermo-electro- 
motive forces gives some guidance on the homogeneity of 
specimens. 

I. A correlation exists between the room-temperature 
conductivity of the specimens and the percentage shrink- 
age during preparation. The resistivity of the specimens is 
independent of the applied voltage. 

J. Resistivity measurements between room temperature 
and +200 degrees centigrade are strictly repeatable. No 
differences have been observed between chilled and slowly 
cooled specimens. 

K. In general, semi-conductors of high thermo-power 
have a high resistivity, and vice versa. 

L. The temperature dependence of the resistivity 
between room temperature and 200 degrees centigrade 
is well expressed by the theoretical equation R=KT* 
exp [eV,/2kT]. In the case of a heterogeneous solid, the 
interpretation of the energy term eV, is still in some doubt. 
It is thought probable that eV; represents some form of 
effective activation energy, e.g., of the kind arising from 
Lichtenecker’s equations.?9 

M. Rough agreement can be reached between the activa- 
tion energies deduced from resistivity and thermo-electric 
measurements respectively. Exact agreement cannot be 
expected when the specimens are heterogeneous. 
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Relationship Between Rate of Transmission of Information, 
Frequency Bandwidth, and Signal-to-Noise Ratio* 


By C. W. EARP 
Standard Telephones and Cables, Limited, London, England 


HE history of communication is re- 
viewed to show the gradual growth of 
modern theory, stressing in particular 

the major steps made by Carson with his side- 
band theory, and by Armstrong with his demon- 
stration of improved quality of communication 
by use of increased bandwidth. 

Established principles of communication are 
considered to show how they may be fitted to- 
gether to form a coherent theory. After esti- 
mating the exact benefit to be gained by the use 
of the right balance between rate of transmission 
of information and the frequency bandwidth 
used in established expanded-band systems of 
communication, consideration is given to what 
particular features of transmission systems ap- 
pear to be necessary for best performance. 

Arising out of the above, a comparatively 
unknown system of modulation, tentatively 
called ‘‘step modulation,” is shown to have all 
known characteristics of efficiency. The exact 
performance of the system is examined, and it is 
found that the process of bandwidth expansion 
to yield improved demodulated signal-to-noise 
ratio may be inverted to provide communication 
through reduced bandwidth at the cost of signal- 
to-noise ratio. 

Finally, based upon the above analysis, a 
hypothesis is put forward to the effect that the 
new system may define the theoretical limit of 
efficient use of frequency bandwidth for any 
transmission system, for the case when the only 
known characteristic of the information wave 
is the frequency band that contains it. 


* A symposium on “ Recent Advances in the Theory of 
Communication” was presented at the November 12, 1947, 
meeting of the New York Section of the Institute of Radio 
Engineers. Four papers were presented by A. G. Clavier, 
Federal Telecommunication Laboratories; B. D. Loughlin, 
Hazeltine Electronics Corporation; and J. R. Pierce and 
C. E. Shannon, both of Bell Telephone Laboratories. The 
paper by Mr. Clavier was entitled ‘“‘Evaluation of Trans- 
mission Efficiency According to Hartley’s Expression of 
Information Content” and has been submitted to the 
Institute for publication. 


1. Object of Paper 


It is the object of this paper to produce an 
integrated modern theory of communication. 
At the present time, there appears to be con- 
siderable confusion concerning what use can 
be made of frequency bandwidth; various estab- 
lished principles do not appear to be co-ordinated 
into one general theory. Such a co-ordination 
should, it is believed, not only do much to es- 
tablish a useful comparison -between the effi- 
ciencies of well-known expanded-band systems 
of transmission, but may even permit us to 
specify a new ideal or maximum possible effi- 
ciency for the transmission of information accord- 
ing to the frequency bandwidth available. 

The analysis does not include the conception 
of coding of specialised forms of information, 
but comprises only the problem of transmission 
of any waveform. No advantage will, for example, 
be taken of the fact that human speech usually 
carries much more information than the words 
that it comprises: we are here only concerned 
with transmitting any waveform with the maxi- 
mum possible fidelity. Though the possibility 
of bandwidth compression arises, for the purpose 
of this study this must not be achieved by any 
coding process that might convert a voice show- 
ing particular personal characteristics, dialect, 
or ‘‘feeling”’ into a ‘‘mechanical’’ voice. 


2. Historical Review of Communication 
Theory 


The earliest electrical signalling was, of course, 
in the form of a code, information being carried 
in the form of a keyed direct current. Multi- 
channel operation was later achieved by the 
use of keyed alternating currents of different 
frequency, and at this stage problems of band- 
width were already becoming significant. 
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Electrical transmission of speech, which was 
made possible by translation of an acoustic 
wave by a microphone into a corresponding 
electric wave, marks an all-important advance in 
practical technique. It is interesting to note that 
before the days of radio, but following the use of 
equivalent telegraph systems, multiple speech 
transmission was visualised by the distributor or 
time-sharing method. 

The modulation of a carrier wave by speech 
currents is probably the next major step, and 
this immediately brings us to the time when the 
communication world became conscious of a 
relationship between signal-to-roise ratio and 
selectivity. Sideband theory was not, of course, 
available; the necessary frequency bandwidth 
for the transmission of speech on a carrier wave 
was not appreciated, though strangely enough, 
the bandwidth requirements of telephone lines 
for transmission of the speech wave itself were 
well understood. 

The development of sideband theory, and 
Carson’s conception of the single-sideband 
method of transmission probably represent the 
greatest contribution to communication theory 
up to the present. The single-sideband method 
persisted for a very long time as the fundamental 
ideal of transmission, and to this day it repre- 
sents the best standard of efficiency for making 
comparison between other systems. 

Both before and after the conception of single- 
sideband transmission, a great deal of work was 
carried out on other lines in an attempt to sup- 
press noise. All the methods developed, however, 
were based either on a fallacy or on special 
conditions such as the presence of a particular 
type of noise. For example, the use of a wide 
receiving bandwidth for amplitude-modulated 
transmission and the use of a limiter to remove 
very large but short peaks of noise are quite 
effective, and may give a greater signal-to-noise 
ratio than the use of the same power in single- 
sideband transmission. Such systems, however, 
as Carson himself pointed out, involve particu- 
lar assumptions with regard to the prevailing 
noise. 

The Carson theory that, when noise is com- 
pletely random in nature, the signal-to-noise 
ratio of a transmission system depends entirely 
upon the power developed in the signal side- 
bands, held good for many years. In justice to 
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Carson, it should be added that the theory still 
holds good in cases where final signal-to-noise 
ratio is rather low. When noise power, receivable 
in a bandwidth equal to the information-wave 
bandwidth, is equal to or greater than the re- 
ceivable signal power, then single-sideband trans- 
mission stands as an ideal that cannot be sur- 
passed in signal-to-noise performance by any 
system. In other words, if only ability to com- 
municate is considered, then single-sideband 
working represents a standard of perfection; it is 
only high-quality communication that has caused 
a revision of fundamental theory or, rather, 
opened up a new field of possibility. 

Up to the date of Carson’s teaching, improve- 
ment in signal-to-noise performance was at- 
tempted by reduction of transmission bandwidth. 
Having been set a very convincing lower limit 
for bandwidth, no revolutionary improvement 
now appeared possible. Probably, the natural 
attempts to minimise bandwidth actually re- 
tarded the communication world in its next 
major step. 

Armstrong appears to be the first to have 
established that in conditions of small or 
moderate, but not very great, noise of a com- 
pletely random nature, the signal-to-noise per- 
formance of single-sideband transmission can be 
radically improved by the use of greater band- 
width. His convincing demonstration of the new 
standard of quality of transmission, which can 
be achieved by broad-band frequency modula- 
tion, represents an important advance in com- 
munication technique. 

At about the same time, A. H. Reeves was 
apparently conscious of the same principle in 
theoretical studies of pulse-time modulation, but 
practical development was not so rapid as in the 
case of frequency modulation. 

Since the outbreak of war in 1939, little has 
been written of communication theory. Doubt- 
less the principles established by Carson and 
Armstrong are now well co-ordinated in the 
minds of most communication engineers, but 
the present paper attempts to establish clearly, 
and without appreciable mathematics, the sig- 
nificance of the fundamental parameters “‘side- 
band power content’? and “frequency band- 
width.” This rather simplified theory shows 
that well-known practical systems have very 
different performance characteristics, and we are 

















prompted to wonder whether there can be an 
ideal system. 

Expanded-band systems of well-known type 
all show unidirectional improvement of signal- 
to-noise performance with expansion of band- 
width from that which must be consumed by 
single-sideband transmission. The thought arises 
that if the parameter bandwidth can be ex- 
panded smoothly and usefully, it would appear 
inconsistent with nature to set an absolute 
lower limit to its value for this would prob- 
ably represent a discontinuity of law. Now that 
we have established the fact that bandwidth 
expansion can improve signal-to-noise ratio, is 
it not conceivable that bandwidth compression 
can be achieved at the cost of signal-to-noise 
ratio? In the past, bandwidth compression has 
been sought partly, of course, to provide a 
greater speed of signalling in a given frequency 
band, but also in the belief that the effect of noise 
would be reduced or eliminated. A fresh ex- 
amination of the problem, undertaken on the 
expectation that signal-to-noise ratio will suffer, 
should have a better chance of success. 

The present paper shows that there is no 
obvious discontinuity in the expansion and reduc- 
tion of bandwidth for transmission of a given 
rate of information by telegraphy, and after 
correlating telegraph and telephone practice, 
consideration is given to a little-known system, 
which may become of major importance. In 
1938, A. H. Reeves proposed a new method for 
expanded-band transmission, which he called 
pulse-step modulation, in which the claim was 
made that speech may be transmitted entirely 
without noise at the expense of a constant but 
very small coding distortion. 

This new system of transmission, which has 
recently received considerable attention by 
communication engineers and has been variously 
described as ‘‘pulse-code,’”’ “pulse-count,” and 
“‘pulse-digital modulation,”’ has not only a very 
high theoretical signal-to-noise performance, but 
also the unique feature of adaptability for both 
ex pansion and compression of transmission band- 
width. In the present paper, the suggestion is 
put forward that step modulation may represent 
a new and universal ideal system, in which 
maximum possible benefit can be obtained from 
the frequency bandwidth available. This con- 
ception would not displace the old ideal single- 
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sideband transmission as the latter would re- 
main not only as the particular case in which 
effective bandwidth available for transmission 
is equal to the bandwidth of the information 
wave, but also as the method for achieving a 
signal-to-noise ratio of unity with a minimum 
of signal power. 


3. Early Principles of Communication 


This section will be devoted toa short analysis 
of simple but important principles of communica- 
tion that appear to have some significance in 
building up a co-ordinated theory. These prin- 
ciples are limited in useful application to those 
systems that were well known before expanded- 
band systems such as frequency modulation; 
they are, nevertheless, perfectly sound and need 
to be well understood before consideration of 
later developments. 


3.1 KEyYING SYSTEMS 
3.1.1 Keyed Carrier Wave 


In the simplest of all methods of transmitting 
information, the periodic interruption of a 
carrier wave, noise can always be made to have 
no effect by the use of a sufficiently small re- 
ceiver bandwidth and reducing speed of keying 
until the receiver is able to follow it. The con- 
clusion should not be drawn, as was very com- 
mon in the early days of telegraphy, that noise 
can be eliminated by bandwidth reduction, for 
in this case we leave out the essential parameter 
of speed of signalling. The correct conclusion, 
which leaves out no essential parameter, is that 
for a given factor of safety in output signal-to- 
noise ratio, the speed of signalling is inherently 
limited by the amount of noise present in the 
transmission path. 


3.1.2 Multiple-Position Keying 


If the signal-to-noise voltage ratio of a keyed 
carrier system is great enough, then simple 
on-off or two-position keying may be replaced by 
three-position keying; i.e., on, half-on, and off 
keying. With sufficient signal-to-noise ratio, this 
principle may be extended to any desired number 
of key positions, hence permitting the use of a 
code that sends a vastly greater amount of 
information in a given time. 
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When noise is not a limiting factor, we may 
use either a code of greater complexity or key 
at a faster rate and, when noise does not permit 
a particular code and speed, either speed of 
transmission may be lowered or a simpler code 
may be used to provide error-free operation. 


3.1.3 Transmission of Infinitely Variable or 
Uncoded Waveforms 


The accuracy of transmission of an uncoded 
waveform can be improved indefinitely by 
reduction of bandwidth if the speed of sending 
is correspondingly reduced. Thus, if voice re- 
corded on a gramophone is transmitted as modu- 
lation of a carrier wave, noise picked up in the 
transmission path will have a smaller effect and 
demodulated signal-to-noise ratio may be im- 
proved by reduction of playing speed and re- 
ceiver bandwidth. 

In the case of transmission of a “‘real’’ voice at 
its natural speed, a reduction in bandwidth will 
result in a corresponding loss in frequency 
fidelity, so that good signal-to-noise ratio is 
achieved by direct modulation only when noise 
conditions are suitable for transmission of a very 
complex step code of the type mentioned in the 
previous section. 


3.2 SIDEBAND ANALYSIS OF TRANSMISSION - 
SYSTEMS 


All signals that are used for the transmission 
of information can be analysed to yield a system 
of sidebands, which correspond to the informa- 
tion wave, and other components which carry 
no information and can be considered as carrier 
waves. The best-known systems for transmission 
of speech are, perhaps, the amplitude-modulated 
carrier wave and the single-sideband system. 
The former contains a steady carrier wave un- 
affected by modulation and devoid of any ‘“‘in- 
formation” and a pair of equal sidebands that 
represent the information wave. Single-sideband 
transmission represents the same transmission 
with carrier and one sideband completely re- 
moved: alternatively, it can be considered simply 
as the original information wave displaced, 
positively or negatively, in frequency. 

It is convenient to consider some systems as 
having a “‘complex” carrier wave, or a whole 
system of carrier waves. For example, an ampli- 
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tude-modulated pulse train may be considered 
as a multiple-carrier amplitude-modulation sys- 
tem. The carrier wave in this case is a con- 
stantly modulated wave, which may be analysed 
as a whole system of ‘‘simple” carrier waves: 
modulation by the information wave produces a 
pair of sidebands corresponding to each of the 
simple carrier waves. 

For efficiency of transmission, it is evident that 
the carrier wave or complex carrier wave can 
serve no useful purpose except the simplification 
of receiver circuits because, being constant, it 
could be manufactured and supplied at the re- 
ceiver. Signal-to-noise ratio of a system using a 
carrier wave must, therefore, inherently suffer. 
In some carrier-wave systems, however, the 
penalty is not great except for very low levels 
of modulation as the carrier level is a function of 
modulation level and disappears entirely for the 
higher percentages of modulation: hence, peak 
signal-to-noise ratio is not affected. 

Transmission systems could be grouped or 
classified in a number of ways, but the following 
is found convenient for the purpose of this paper. 


A. Systems using sidebands only (e.g., single-sideband 
and other systems produced as the result of balanced 
modulation). 


B. Systems having a constant carrier wave or a complex 
carrier wave, plus sidebands (e.g., amplitude-modulated 
carrier or amplitude-modulated pulse trains). 


C. Systems having a single or a complex carrier that 
varies with modulation depth, plus sidebands (e.g., fre- 
quency-modulated carrier, and pulse-time modulation). 


As a rule, systems of type C have a constant 
mean power of transmission, the growth of side- 
bands with modulation compensating exactly for 
decay of carrier level. 

In all these systems, sideband power level 
rises linearly with modulation power level for 
very small values of modulation. In systems A 
and B, this is true for all values of modulation 
up to the maximum value, but in systems C, 
non-linearity commences fairly early without 
producing non-linearity of the overall trans- 
mitter-receiver system. Systems of type C, if 
modulated heavily, are outside the scope of the 
present section, their peculiar characteristics 
not being appreciated until after practical de- 
velopment of phase modulation. 
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3.3 SIGNAL-To-NoISE RATIO FOR SYSTEMS OF 
LINEAR SIDEBAND VARIATION 


3.3.1 Single-Sideband Ideal 


The simplest linear transmission and recep- 
tion system of perfect efficiency is the single- 
sideband method. The whole power of the signal 
is used for transmission of information, and the 
frequency bandwidth occupied is just the same 
as that of the original information wave. The 
mechanism of reception assures equal efficiency 
of demodulation and, hence, signal-to-noise 
performance for all signal levels. 

Single-sideband performance represents the 
most satisfactory standard of efficiency for com- 
parison of all other systems, and if conditions 
of random noise are such that single-sideband 
working yields a signal-to-noise ratio of less than 
unity, then xo system can yield a better perform- 
ance. 


3.3.2 Ideal Linear Receiver 


The following theoretical method of reception 
appears to represent an ideal method for all 
transmission systems of the linear type. 

All transmission systems may be analysed to 
yield a system of sidebands. If at the receiver 
these sidebands are separately heteredyned, 
each yielding the original information wave 
plus noise, the separate demodulated outputs 
may be added together to yield a combined 
demodulated output. Such a receiver, which we 
shall call the ‘ideal linear receiver’, may not be 
practical, but it is described here as a theoretical 
mechanism for the study of signal-to-noise ratio. 


3.3.3 Multiple-Sideband Systems 


It may be shown very easily that, applied to a 
transmission system of multiple sidebands of 
equal amplitude, the ideal linear receiver yields 
exactly the same demodulated signal-to-noise 
ratio that would be yielded by a single-sideband 
system of equal sideband power. The ideal linear 
receiver yields the maximum signal-to-noise 
ratio visualised by the early Carson theory, and 
still, of course, represents our theoretical ideal 
for all systems of linear sideband variation. 

In a multiple-sideband system, maximum eff- 
ciency is not achieved unless all sidebands are of 
equal level, but if demodulated outputs are suit- 


ably weighted before combination, the imperfec- 
tion factor is very small indeed. 

The above conception suggests that high 
efficiency of a communication system depends 
upon uniform loading of the frequency band or 
bands occupied. 


3.3.4 Conclusions 


Single-sideband transmission gives a signal-to- 
noise performance that represents a theoretical 
ideal for all systems of linear sideband variation. 

Signal-to-noise performance for any system is 
inherently imperfect according to the ratio of 
sideband content to total power radiated. 

When a signal contains multiple sidebands, 
the demodulated signal-to-noise ratio does not 
necessarily suffer by this, but performance can 
never be improved by radiation of the same 
mean power as similar sidebands on different 
frequencies. (It appears from the above that 
signal-to-noise ratio cannot be improved by the 
use of expanded-band technique, but it will be 
shown in a later section that linear systems are, 
in effect, only equivalent to single-sideband 
working in true consumption of bandwidth.) 

Before continuing to a consideration of non- 
linear modulation systems, something should, 
perhaps, be said to clarify the early conception 
that noise could be reduced by bandwidth reduc- 
tion. Evidently, noise power picked up in the 
transmission path may be reduced by reduction 
of receiver bandwidth, but this is merely a ques- 
tion of adapting the receiver to the required 
transmission, and reduction below a certain 
limit must inherently leave out some of the re- 
quired signal, causing either inability to receive 
the total information or a deterioration of 
signal-to-noise ratio. Though the single-sideband 
method of transmission appears to represent the 
system that uses the minimum possible band- 
width, it does not necessarily provide a better 
signal-to-noise ratio than any other system, for 
a multiple-sideband system of the linear type 
can give an equal performance. 


4. Principles of Expanded-Band Communi- 
cation 
The term ‘‘expanded-band’”’ is chosen de- 


liberately to define a transmission system that 
inherently consumes more effective bandwidth 
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than single-sideband transmission. Though the 
term ‘‘wideband”’ has sometimes been used, the 
latter is considered unsuitable, having been used 
also in the simple sense of channel-handling 
capacity. 


4.1 GENERAL 


The demonstration by Armstrong that con- 
tinuous-wave phase or frequency modulation 
could, in some circumstances, provide a better 
signal-to-noise performance than single-sideband 
technique made a deep impression on the ortho- 
dox communication engineer, appearing at first 
to indicate the necessity for a revision of theory. 

The essential difference between systems that 
are inherently limited to single-sideband per- 
formance and those that can give a greater 
demodulated signal-to-noise ratio has been iden- 
tified as a difference that corresponds to linear 
or non-linear variation of sideband power with 
modulation power level. The reason for superi- 
ority of non-linear systems is not, however, 
easily apparent, and the practical engineer who 
always expects to have to pay for a radical 
improvement considers at once what ‘‘currency”’ 
he must use to ‘‘purchase”’ this radical benefit. 

The answer, of course, is that the improved 
quality of transmission is obtained at the ex- 
pense of additional bandwidth. Though, at first, 
additional bandwidth does not always appear to 
provide improved signal-to-noise ratio, suc- 
ceeding pages will show that benefit may always 
be obtained from the érue consumption of band- 
width. 

Confining ourselves for the moment to a 
consideration of the phase-modulated con- 
tinuous carrier wave, we see that for small 
amounts of modulation, bandwidth is constant, 
but that large modulation produces an increase 
in bandwidth. For large modulation, bandwidth 
is proportional to modulation voltage, and so, 
of course, is the output signal-to-noise ratio. 

If we use “bandwidth” as an essential factor 
for estimation of signal-to-noise performance, 
we see at once that two simple and practical 
parameters only—‘‘sideband power content” 
and ‘‘bandwidth’’—are required. When modula- 
tion is small, signal-to-noise ratio is determined 
by sideband power content only, and for large 
modulation, sideband content is substantially 
constant at 100 percent, when bandwidth varia- 


tion dominates. This method of analysis is 
simple and practical, and when applied to any 
continuous-wave system yields the:result that 
signal-to-noise ratio is proportional to both side- 
band power content and bandwidth occupied. 


4.2 EFFECTIVE BANDWIDTH OF A COMMUNICA- 
TION SYSTEM 


Effective bandwidth of a communication 
system is here defined as the true bandwidth 
divided by the number of times this bandwidth 
may be used again by other transmissions of the 
same effective bandwidth without crosstalk be- 
tween the various systems. Analysis of signal-to- 
noise performance of communication systems 
using this new parameter yields the definite 
result that performance is always dependent 
upon the effective bandwidth consumed. 

In accounting for the performance charac- 
teristics of systems using intermittent signals, 
it is at first tempting to consider effective band- 
width as total bandwidth multiplied by the 
fraction of time utilised. Such a definition often 
yields the same result as the one given above 
but fails to account for the lack of improvement 
of a number of systems, for example, the ampli- 
tude-modulated carrier wave over the single- 
sideband system. 


4.3 LINEAR SysTEMS ARE Not ‘EFFECTIVE 
WIDEBAND” SYSTEMS 


It can be shown that all systems of linear 
sideband variation do not effectively consume 
more bandwidth than the single-sideband 
method, and asa corollary this means that signal- 
to-noise performance cannot exceed that of 
single-sideband working. 

It will be noticed that two separate double- 
sideband systems may be radiated on diphase 
carrier waves of the same frequency without 
mutual interference, so that the effective band- 
width of a double-sideband system is not greater 
than for single-sideband transmission. Taking a 
more general case, if two sidebands a are radiated 
on different frequencies in any proportions de- 
fined by kia and kza, then crosstalk does not need 
to be experienced from another communication 
channel using the same carrier frequencies, 
which radiates sidebands 6 in any different pro- 
portions (or phases) defined by cb and cob. 
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Separate demodulation of the frequency chan- 
nels yields (kia+c,b) and (kea+cob), when a 
combination in suitable proportions (and phases) 
can yield outputs containing either a without 3, 
or 6 without a. 

One special case of interest is the amplitude- 
modulated pulse train. If the information wave 
contains frequencies between zero and f cycles 
per second, then. the minimum possible pulse- 
recurrence frequency is 2f per second. Now, 
video-frequency or direct-current pulses which 
are initiated in a total bandwidth of F cycles 
per second necessarily have a total duration of 
1/F seconds, and if it is desired to interlace a 
number of similar channels with our considered 
channel, adjacent-channel time spacing without 
crosstalk may be equal to one half of the pulse 
width, i.e., 1/2F seconds. Such an arrangement 
would permit the use of F/f channels in the 
group period 1/2f seconds, so that effective 
bandwidth of a single channel is f cycles, the 
same as for single-sideband transmission. 

Bandwidth consumption of a radio-frequency 
pulse train is not greater, despite the fact that 
a radio-frequency pulse of a given duration 
occupies twice the bandwidth of a video-fre- 
quency pulse, because two complete diphase 
systems can theoretically be radiated on the 
same carrier frequency. 


4.4 Systems oF NON-LINEAR SIDEBAND 
VARIATION 


A study of non-linear systems shows that 
effective bandwidth is always greater than for 
single-sideband transmission, and also that 
signal-to-noise ratio depends upon the value of 
this parameter. In many systems, signal-to- 
noise ratio is directly proportional to effective 
bandwidth, but the law of improvement is not 
always the same, as will be shown in the next 
section. 


5. Signal-To-Noise’ Ratio for Expanded- 
Band Modulation Systems 


5.1 GENERAL METHOD FOR’ DERIVATION OF 
PERFORMANCE CHARACTERISTICS 


The performance characteristics of various 
expanded-band systems of transmission may be 
derived from a study of the particular receiving 
mechanism used for the system concerned. 


Obviously, the result obtained must be depend- 
ent upon the method used for demodulation, and 
as it is not always easy to prove that the method 
of reception must be ideal, it is felt that the 
method is not suitable for an academic study and 
comparison of various systems. 

Another method has therefore been found, 
which derives the maximum possible perform- 
ance figures for any system without reference 
to any practical receiving equipment. This 
method has been used to check figures derived 
by more practical logic, and wherever there is 
confidence that the practical receiving technique 
has no fundameutal imperfection, agreement is 
perfect. The following processes are involved. 


A. Suppression of modulation to a very small amount, 
when it may be considered that sideband production is 
linear with modulation, that effective bandwidth is not 
greater than for single-sideband transmission, and that 
sideband power level is less than noise power receivable 
in that bandwidth. 

B. In the above conditions, it is not conceivable that 
any non-linear technique such as the use of limiters can 
assist in demodulation of the signal, and we accept Carson’s 
definition of maximum possible signal-to-noise ratio, 
estimating this from the power of the sidebands present. 


C. On increasing modulation level to correspond to 
practical expanded-band communication, signal-to-noise 
ratio must, of course, be raised linearly with modulation. 


5.2 SIGNAL-TO-NOISE PERFORMANCE FOR CON- 
TINUOUS-WAVE PHASE MODULATION 


If we phase-modulate a carrier wave by a very 
small amount, then two sidebands only are pro- 
duced, and the amplitude of each is 1/2 times 
the amplitude of the carrier wave, where 1 is 
the deviation in radians. 


2 
Total sideband power = 2 X (5) 


2 
2 
Signal-to-noise ratio= Spm 


times carrier power. 


= Ssss XF ’ 


where Sggp is the signal-to-noise ratio for single- 
sideband transmission when using the same 
mean power at the highest level of modulation. 

But signal-to-noise ratio is always propor- 
tional to deviation, so the formula is correct for 
all values of deviation. 








wn 


on 


trz 


eff 


5.3 


rec 
bar 
har 


giv 





- 


| 





INFORMATION, 





Thus, Som = Sssn X75 
witha an tae 1 dul 
=SsssXF X75 (for large modula- 


tion), 


where B= bandwidth and 
b=bandwidth required for single-side- 
band working. 


The same formula results also from a considera- 
tion of the performance of practical receiver 
circuits, hence confirming that an orthodox re- 
ceiving technique represents an ideal receiving 
mechanism. 


5.3 PERFORMANCE OF PULSE-TIME MODULATION 


5.3.1 Effective Bandwidth of a Pulse-Time-Modu- 
lation Channel 


We have shown, in Section 4.3, that the band- 
width consumed by an amplitude-modulated 
pulse train is the same as for single-sideband 
transmission. In this case, the time allotted per 
pulse was equal to the pulse rise or half pulse 
width. 

In the present section, we shall consider only 
the case of pulse-time modulation of large time 
excursion, so that the time effectively consumed 
by a single pulse is equal to the total time that 
may be consumed by displacement moduiation 
of the pulse. We shall neglect the comparatively 
small time consumed by the unmodulated pulse 
train. 

With this approximation, it is evident that the 
effective bandwidth of a pulse-time-modulation 
channel is equal to 


total time excursion 
half pulse width 
X bandwidth for single sideband, 


5.3.2 Signal-To-Noise Ratio for Pulse-Time 
Modulation (Video- Frequency Pulses) 


Let time of pulse rise=¢ seconds, and pulse- 
recurrence frequency = N per second. Frequency 
bandwidth =1/2¢ cycles per second. Number of 
harmonics of pulse-recurrence frequency present 
=1/2Nt. Modulation total excursion of ¢ seconds 
gives a phase excursion of pulse occurrence of 
+7Nt radians. Phase excursion of top harmonic 


1 T : 
= aN Xanj= +, radians. 
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Now reduce modulation n2z/2 times, where n is 
very large, when the modulation of the top har- 
monic=+1/n radian. Each sideband of top 
harmonic =1/2n times harmonic amplitude. 

Therefore, total sideband energy of top har- 
monic 


=2x1/4n? 
=1/2n? times energy of top harmonic. 


Now, sideband amplitude is proportional to 
phase excursion and, therefore, to harmonic 
order, so sideband energy is proportional to the 
square of harmonic order. 

Sideband-power distribution is therefore para- 
bolic with frequency, and total sideband power 
equals * 


1 1 1 
3% ont on? 


of total energy of transmission. 

At this low level of modulation, where side- 
band power is linear with modulation power 
level, we cannot expect a better signal-to-noise 
ratio than that prescribed as a maximum by 
Carson. 

Hence, signal-to-noise ratio for pulse-time 
modulation = Sgsp X (1/6)! for modulation 2/nx 
of pulse rise (where Sgsp is the signal-to-noise 
ratio for single-sideband transmission, using the 
same mean power at full modulation) 


1 \? mx. total excursion 
= Sgsp X 5) Xa AS A : 
6n 2 “time of pulse rise 


mw total time excursion 
26 time of pulse rise 








= Sssp X 
eS es ee TO 
=OssB aT. g, 


where 6=effective bandwidth and 
b = bandwidth required for single-sideband © 
operation. 


It may be noted that the constant factor 
x/2V6 differs from the corresponding factor of 
1/2v2 for phase modulation and, in fact, repre- 
sents an improvement of performance of about 
5 decibels. Unfortunately, in the practical case 
of pulse-time modulation applied to radio sys- 
tems, actual bandwidth occupied by a multi- 
channel system is twice the effective bandwidth, 








186 ELECTRICAL COMMUNICATION 





owing to the fact that the video-frequency 
system produces two sidebands on the carrier 
frequency used, so that practical performances of 
pulse-time modulation and continuous-wave 
phase modulation are very similar indeed, when 
using the same mean power of transmission. 


5.3.3 Special Note 


The theoretical method chosen for estimating 
signal-to-noise performance has found particular 
value in its application to pulse-time modulation. 
The equivalent formula developed from con- 
sideration of a practical receiver, in which the 
steep leading edges of pulses are used for de- 
modulation, yields a result which represents an 
imperfection factor of about 2 decibels. The 
suggestion is made that such a receiver is in- 
herently imperfect, and that the use of both 
edges of pulses, on which noise fluctuations are 
not identical, would assist in bringing perform- 
ance very near to the theoretical ideal. 

Alternatively, frequency-discriminator tech- 
nique could yield a similar result. 


5.4 PERFORMANCE OF TIME-SHARING 
FREQUENCY MODULATION 


The present section represents a purely theo- 
retical study of signal-frequency-modulated pulse 
trains, in which instantaneous values of the 
modulating signal are transmitted as signal- 
frequency values. Thus, a single communication 
channel can be considered as a frequency- 
modulated carrier wave that is ‘‘gated” into 
the form of short pulses. A number of such pulse 
trains, each bearing a different modulation, may 
be interlaced to provide a time-sharing multiplex 
system, and when the various pulses exactly 
fill up the whole of time, the total transmission 
is almost identical to that obtained by frequency 
modulating a continuous carrier wave by a multi- 
plex amplitude-modulated video-frequency train. 
Thus, the multiplex system is conveniently de- 
scribed as time-sharing frequency modulation. 

The apparent super-efficiency of signal-to- 
noise performance as compared with continuous- 
wave phase modulation or pulse-time modula- 
tion has not, so far as is known to the author, 
been confirmed by practical development, but 
there seems to be no reason for doubting it. 


5.4.1 Effective Bandwidth of a Signal-Frequency- 
Modulated Pulse Train 


In a signal-frequency-modulated pulse system, 
the pulses are not displaced in time by modula- 
tion, and the various pulses of a time-sharing 
multi-channel system may be permitted to 
overlap without theoretical crosstalk as were the 
amplitude-modulation pulses of Section 4.3. 

Let the bandwidth occupied by a single radio- 
frequency pulse = B; cycles per second. 

Let modulation frequency excursion= +B, 
cycles per second. 

Then, total bandwidth B=B,+2Bz. 

Pulse rise = 1/B1 seconds. 

For a modulating or information-wave band- 
width of 5 cycles, i.e., bandwidth for a single- 
sideband system, channel pulse intervals=1/26 
seconds. 


maximum possible number of channels 
=B,/2b, 
.. effective bandwidth 8 per channel 


a 2b _Bi+2B, 
oie Sa a <2: 


Total bandwidth varies upwards with the 
amount of modulation, and in the special case 
when bandwidth increase due to modulation 
(2Bz) equals the total bandwidth of the un- 
modulated system (B;), effective bandwidth per 
channel is 4b, or four times that for single-side- 
band working. 


5.4.2 Signal-To-Noise Performance for Time- 
Sharing Frequency Modulation 


Maintaining the annotation of the previous 
paragraph, the deviation ratio for the highest 
modulation frequency 6 is equal to B2/b. 

In this state, all component carrier waves, 
which constitute the unmodulated repetitive 
pulse train, are modulated+B2/b radians, and 
if the amount of modulation is very small, only 
one pair of sidebands is produced for each 
carrier. 


The power level of each pair of sidebands is 


2 
3x(7) times that of the associated carrier 
power; 


therefore, total sideband power is 


2 
5x (=) times total signal power. For a system 
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in which deviation ratio is independent of modu- 
lation frequency, the signal-to-noise ratio would 


be 
B 
Sssp x5(#), 


but in frequency modulation, deviation ratio is 
inversely proportional to modulation frequency. 
This has the effect of providing a triangular 
signal-voltage pattern or, alternatively, for cor- 
rect fidelity, a tilted noise characteristic. Noise, 
therefore, has a square-law power distribution 
over the modulating-signal band, and total noise 
power is suppressed three times as compared with 
the system of constant phase deviation. 

Hence, signal-to-noise ratio for time-sharing 
frequency modulation 


= Stsrm 
V5 .B 
=SssnXgX5! 
v3.1. B-—B, 


=SsspXiXpX—p 


v3 1 
= Sssp Xo 9X5 X (B— 2nd), 


where 2=number of channels or 
v3 B 
= SssaX qu (F—2n) . 


Thus, if ” is small, performance approximates 
to that of continuous-wave frequency modula- 
tion, despite the fact that only a small part of 
time is occupied. 

In terms of effective bandwidth £, 


Stsrm = Sssp X x (§-2) Xn. 


In the special case when modulation is suffi- 
cient to double overall bandwidth, when 6/b=4, 


v3.3 
Stsrm = Sssp X Va 45 


or 
Sssp xB xn 
or 
v3 
Sssp xpexixn. | 


The last expression indicates an improvement 
over pulse-time modulation of (v3)/4 times, 





which may not have much significance for a 
10-channel system, but would be of vast impor- 
tance for a 200-channel system. 


6. Noise Barrier 


The mechanism of reception for any expanded- 
band system depends for correct operation upon 
the signal amplitude being greater than the 
noise amplitude in the transmission medium. 
For example, in the case of a time-modulated 
pulse train, peaks of noise equal to signal pulses 
would cause ambiguity in recognition of pulses, 
and immediate failure of the receiver. In a similar 
way, the mechanism for reception of a phase- 
modulated carrier wave depends upon the 
carrier amplitude exceeding the noise amplitude 
at the demodulator. 

The effect of such breakdown is to introduce 
a new type of noise, the amount depending 
upon the frequency of breakdown. 


6.1 PRACTICAL EFFECT OF NOISE BARRIER 


In earlier sections of this paper, signal-to- 
noise performances have been estimated without 
reference to the breakdown point, which de- 
stroys the action of the receiving mechanism, 
and the impression might be gained that the 
formulae are quite accurate for moderate ex- 
pansion of bandwidth, but that they are subject 
to a simple top-limit of bandwidth defined by 
peak noise. This, however, is not the case. 

First, let us consider the characteristic of 
noise. For the purpose of the present study, we 
shall define noise as interference energy uni- 
formly distributed over the frequency band, and 
which can usually be considered as a spectrum 
of equal but infinitesimal sine waves of all pos- 
sible frequencies, spaced uniformly at infinites- 
imal intervals of frequency. 

Such a definition comprises completely random 
noise, most natural static, and most forms of 
man-made static, but does not include what 
might be called “‘intelligent interference,” com- 
prising all interference energy to which the 
communication system is particularly suscep- 
tible, whether it be deliberately designed inter- 
ference, many types of interfering signals, or 
some exceptional form of man-made static such 
as interference from a high-frequency furnace. 

Under this definition of noise, though it is true 
that noise power is always proportional to 
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bandwidth, the relationship between peak noise 
voltage (which determines the breakdown point) 
and root-mean-square noise voltage is not de- 
finable. In the case of completely random noise, 
the maximum noise peak in any bandwidth is 
theoretically infinite, and in all types of noise it 
is evident that very high peaks are possible. 

In a practical communication system, occa- 
sional breakdown cannot be avoided, whatever 
the bandwidth chosen, but we may deduce the 
following. 

In systems in which output signal-to-noise 
ratio is satisfactory but in which bandwidth 
expansion is small, the signal-to-noise ratio in 
the transmission medium is also satisfactory, so 
the frequency of breakdown is small, and the new 
source of noise has little significance. Bandwidth 
expansion can never reduce the frequency of 
breakdown, and in most cases will tend to 
increase it, so that useful expansion of band- 
width is limited. Thus, output signal-to-noise 
ratio expands with bandwidth, at first according 
to the law already defined by our formulae, 
then at a lower rate, usually passing through a 
maximum value and decreasing rapidly due to 
very frequent breakdown. 

At first sight, consideration of the noise barrier 
appears to complicate our signal-to-noise calcu- 
lations to a high degree, but this is hardly neces- 
sary in most practical applications of expanded- 
band systems, for the reason that such systems 
are normally designed to operate well within the 
bandwidth corresponding to the noise barrier. 
It is rare that bandwidth is so plentiful that it 
can be consumed without reference to the in- 
formation-carrying ability of the communication 
channel. 

As an example, let us consider the case of a 
multi-channel pulse-time-modulation system in 
which 20 separate speech channels are required, 
the demodulated signal-to-noise ratio of each 
channel being 60 decibels. The suggestion is 
made, here, that it would be impracticable to 
design equipment giving a signal-to-noise im- 
provement over single-sideband working of 
50 decibels, for the reason that total consump- 
tion of bandwidth would be excessive. It would 
appear that not more than about 20 decibels 
improvement over a_ single-sideband system 
could be designed for, when the theoretical 


ELECTRICAL COMMUNICATION 





bandwidth expansion factor would be about 20 
for the video-frequency system or 40 for a high- 
frequency system, and the practical overall con- 
sumption of bandwidth is likely to be 80 times 
the theoretical bandwidth for single-sideband 
working. A practical bandwidth expansion of 80 
times, on a 20-channel speech system of 3000- 
cycle-per-second fidelity, involves a transmission 
bandwidth of nearly 5 megacycles per second, 
which represents a practical receiver bandwidth. 
In this case, signal-to-noise ratio in the high- 
frequency transmission channel is about 40 
decibels so that the frequency of breakdown due 
to high peaks of noise is quite insignificant. 

In amplification of the above, it may be men- 
tioned that for completely random or fluctuation 
noise the peak value of noise will exceed the 
root-mean-square value by a factor of 4.4 for 
only one part in 100,000 of time. 

In cases where total consumption of bandwidth 
has little significance, the maximum useful ex- 
pansion depends upon both the type of signal 
used and the characteristics of the prevailing 
noise. Significance of type of signal becomes 
evident when we consider that in a continuous- 
wave method of transmission the peak signal is 
independent of bandwidth, but it may be in- 
creased very much by the use of intermittent 
transmission. Thus, frequency modulation is 
much more susceptible to noise-barrier limita- 
tions than pulse-time modulation. The signifi- 
cance of the type of noise becomes evident when 
we consider that in the case of completely 
random noise the frequency at which the noise 
peak exceeds the root-mean-square value by a 
given factor is statistically definable and is inde- 
pendent of bandwidth. However, in the case 
of impulse noise, the peak to root-mean-square 
ratio is proportional to the square root of band- 
width, whereby harmless peaks in a narrow 
bandwidth become more and more significant 
with band expansion. 


7. Résumé of Established Principles 


A. Demodulated signal-to-noise ratio or over- 
all quality of transmission corresponding to a 
given rate of transmission of information, is 
determined by the signal power available as 
sidebands and the frequency bandwidth avail- 
able. 
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B. In general, increased bandwidth permits 
improved quality of transmission, but there is a 
limit to the maximum useful expansion. 

C. Expansion of bandwidth towards the 
limit defined in B introduces a new source of 
noise, which eventually becomes the predominat- 
ing factor, and expansion beyond this limit may 
involve a rapid deterioration of overall per- 
formance. 

D. Maximum efficiency is obtained by the 
uniform energy loading of the frequency band 
occupied. 


8. Unification of Telegraph and Telephone 
Theory 


The analysis already given in Section 3.1 
shows a very close connection between telegraph 
and telephone systems. A simple on-off telegraph 
system is able to transmit only a very simple 
waveform. The multiple-position keying system 
of Section 3.1.2 shows that when noise conditions 
are more favourable, a higher quality of trans- 
mission can be achieved by the use of a code of * 
greater information-carrying ability. If the 
signal-to-noise ratio is large, then the number of 
possible positions or code units also becomes 
large, and a more complex sequence of units or 
a more complex waveform can be transmitted. 
In transmitting a speech waveform, then, we 
have in effect an infinite number of code units, 
and distortion by noise is inevitable. 

It was a consideration such as the above which 
led A. H. Reeves to the conception of transmis- 
sion of speech without any noise by his step- 
modulation principle. Before continuing to a 
description of this system, certain principles 
will be given that will help in understanding an 
extension of the simple telegraph to a telegraph 
system of multiple code units, and then to trans- 
mission of any waveform such as speech. 


8.1 RATE AND QUALITY OF TRANSMISSION OF 
INFORMATION 


8.1.1 Maximum Rate of Signalling 


The maximum number of units of information 
per second that can be transmitted in a given 
bandwidth is equal to twice this bandwidth 
expressed in cycles per second. 

This principle is clearly established from the 
conception of single-sideband transmission, for 
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in the frequency band zero to f cycles per second, 
any combination of successive amplitudes up 
to a rate of 2f per second may be absolutely 
defined by a wave that contains frequency com- 
ponents up to f cycles per second maximum. 
In other words, a Fourier analysis of a waveform 
that gives an exactly correct result at instants 
uniformly spaced 1/2f seconds does not need to 
include frequency components higher than f 
cycles per second. 


8.1.2 Quality of Signalling 


The number of kinds of units of information, 
for example the number of different sizes of 
units, that can be transmitted and received 
without ambiguity depends upon the amount of 
noise prevailing. 


8.1.3 Production of Noise by Use of Complex 
Telegraph 


When the number of kinds of units to be 
transmitted exceeds the value that resolves all 
ambiguity, a breakdown of the system occurs 
causing an interference or noise voltage in the 
receiver, the transmitted waveform being repro- 
duced with errors. 

Transmission of smooth and infinitely variable 
waveforms such as speech involves the effective 
use of an infinite number of kinds of units of 
information and thus an inherent production 
of noise. 


8.2 TELEPHONE TRANSMISSION WITHOUT NOISE 


If a communication system is capable of 
producing an output wave in which instantane- 
ous values lie between +V volts, when noise 
voltage peaks cannot exceed +(V/n) volts, 
then an unambiguous code of (n+1) different 
units can be used. Thus, on transmitting a con- 
tinuous waveform, this waveform could be first 
translated at the transmitter to a wave com- 
prised of abrupt steps of amplitude having 
(n+1) step levels, and circuit noise could never 
make any of the step levels ambiguous because 
the differential level of adjacent steps is twice 
the maximum noise voltage. 

In receiving speech transmission by this 
method, it is not possible for circuit noise to 
modify the output waveform in any way, so 
that we can consider reception to be completely 
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noise-free, at the expense of a small constant 
distortion in transmission. This represents the 
basis of the step-modulation principle proposed 
by A. H. Reeves, showing the final co-ordination 
between telegraph and telephone systems. This 
step system will now be considered in greater 
detail. 


9. Step Modulation * 
9.1 SUPPRESSION OF NOISE BY QUANTIZING 


The first principle of the system proposed by 
Reeves has already been expressed in the pre- 
ceding paragraph. The steps must necessarily 
be imposed on the signal before transmission, 
rather than at the receiver, to avoid all ambiguity 
of receiver output due to noise. The receiver, 
being able to recognise all steps without am- 
biguity in a pre-arranged series of values in 
simple arithmetic progression, reproduces the 
same relative step amplitudes that were trans- 
mitted in the form of a series of instantaneous 
values that are nearest to the correct values 
of the original infinitely variable wave. Adjacent 
values are arranged to differ sufficiently to 
avoid ambiguity in the receiver through dis- 
placement by noise: that is, adjacent steps are 
separated by at least twice the peak noise voltage. 


9.2 CoDING OF SIGNAL VALUES 


To the conception of quantizing of the in- 
formation wave according to a convenient series 
of values, a process that may conveniently 
take place at a uniform sampling rate, Reeves 
added the principle of more accurate transmis- 
sion of the waveform concerned by introducing a 
second channel of equal power, bandwidth, and 
sampling rate, this channel radiating a new series 
of step values, which may be used to provide a 
second-order approximation to the true in- 
stantaneous values of the information wave. 
For example, if the first channel transmits values 
corresponding to 0, 10, 20, 30,. . . ., 90, then the 
second channel transmits a similar series of values 
that denote discrepancies 0, 1, 2, 3,...., 9 
in the first series. The two channels are thus able 
to indicate all values between 0 and 99 without 


*The present paper was written in original form in 
October, 1946, when the author had no knowledge of any 
practical development of pulse-code modulation, as the 
system is known today. 


ambiguity due to interference by noise. Informa- 
tion-wave distortion may, of course, be reduced 
indefinitely by the use of additional channels. 

At this stage, it became evident that the 
principle of sending accurate values by means of 
combinations of values represented a simple 
coding process; any desired overall accuracy of 
transmission could be achieved by using a 
suitable number of channels and step positions 
on each channel. In considering the maximum 
extension of bandwidth, as determined by the 
number of channels, Reeves’ original patent 
makes the suggestions that speech might be trans- 
mitted with sufficient accuracy by means of 32 
signal values, and that these could be produced by 
five channels, each of which has only two step 
positions. In other words, each channel works on 
a simple-telegraph on-off basis, the total number 
of combinations being 2° or 32. 

Speech transmission by means of a binary code 
of on-off pulses may be achieved in a number of 
ways. Applications can be envisaged in which the 
five (or more) on-off channels might be applied 
to five different wire circuits. Alternatively, the 
various channels could be allotted to different 
frequency bands. Most likely, however, the 
time-sharing principle would be adopted for 
transmission of not only the code units of a single 
speech channel, but also the groups of units 
corresponding to many other speech channels, 
ali in a single wideband channel. 


9.3 StEP MopuLATION Is Not A TRUE CODING 
SYSTEM 


The step-modulation system has been de- 
scribed as a pulse coding system, as combinations 
of pulses are coded to mean different amplitudes 
of the signal wave. In this sense, of course, the 
process of transmission does involve a coding 
operation, but the coding operation is very 
different from the type of coding that has pre- 
viously been proposed for the transmission of 
speech. 

Just as a specialised letter code is only ap- 
plicable to a particular language and even to a 
specialised field of interest, coding systems for 
speech, which have already been given that 
designation, have been dependent upon certain 
assumptions about the waveforms that could 
possibly be produced by the human vocal 
cords. The point to be made here is that the 








step system is capable of transmitting any kind 
of waveform, including all kinds of sound wave- 
forms whether harmonious or otherwise. 

Though the steps imposed upon the signal pro- 
vide a semblance of coding of the type with 
which we have previously been familiar, the 
distortion produced may be controlled to any 
degree of precision required by the information. 

In actual practice there is no necessity to 
tolerate the presence of any coding distortion. 
The author has suggested that if residual ‘‘true’’ 
noise is preferred to circuit distortion, this is 
achieved simply by radiating the channel that 
transmits the smallest signal steps, not in the 
form of a finite series of specific values, but in the 
form of the exact discrepancy of signal amplitude 
defined by the other channels. In this case, 
there can be no trace of a step in the demodu- 
lated signal, the circuit noise of the last or 
maximum-detail channel contributing the exact 
amount of signal required, plus a little noise 
just as in other systems of transmission. 


10. Signal-To-Noise Performance of Step 
Modulation 


Signals transmitted by step modulation can 
be considered as having no noise, but a constant 
circuit distortion, or as having a distortion noise 
level, the peak of which cannot be greater than 
half the difference between two adjacent step 
levels. As a rule, the type of distortion produced 
can be more easily tolerated than random noise 
of the same power level, so that if we treat the 
step distortion as noise, we shall appear to be 
making a conservative estimate of signal-to- 
noise performance. However, full advantage 
cannot be taken of the smaller nuisance value 
of step distortion, for if we use this to reduce the 
total number of signal values, during periods of 
low modulation level, percentage distortion is 
liable to rise by an intolerable amount. To avoid 
this defect, practical development has intro- 
duced the feature of logarithmic amplitude com- 
pression of the information wave before quan- 
tizing so that successive steps correspond to 
information-wave values arranged in geometric 
progression. For example, if a total of 32 signal 
values are used, 16 positive and 16 negative, 
these may be chosen at 1.5-decibel intervals, but 
converted to linear steps of approximately 6 per 
cent of maximum amplitude by amplitude com- 
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pression. In such a system, the amount of dis- 
tortion or step noise varies with signal output, 
but percentage distortion is almost independent 
of modulation level. 

The present study will be confined to a con- 
sideration of coding of signal values arranged 
in simple arithmetic progression. In this case, 
though step noise is zero for the condition of no 
modulation, it is otherwise almost independent 
of modulation level, and comparison with other 
expanded-band systems is made easier. 

First, however, to make a comparison of signal- 
to-noise performance upon an identical basis, we 
shall consider performance of the modified step 
system mentioned in the previous section. In 
this system, in which the maximum-detail 
channel is transmitted as an exact correction, 
noise has the same meaning as for normal trans- 
mission systems, and comparison is completely 
fair. 


10.1 SIGNAL-To-NoIsE PERFORMANCE OF THE 
MopIFIED STEP SYSTEM 


In the present analysis, it will be assumed that 
the various coding channels are each transmitted 
by single-sideband methods. 

On dividing the available signal power into 
n equal parts for division among m separate 
channels, maximum channel signal-to-noise ratio 
= Sssp/ Vn. 

This value represents the signal-to-noise ratio 
of the fine-detail channel. However, we have 
(n—1) other channels, which may each com- 
prise signal values corresponding to any.of N 
information-wave values, the number of step 
positions chosen for each of these channels. 

These (n—1) channels have a total of N”“! 
code positions, and these are effective in expand- 
ing the signal-to-noise ratio of the fine-detail 
channel by the same amount. 

Hence, signal-to-noise ratio for the step 
system 

_ SsspXN"1 
vn 


In this formula, is the bandwidth expansion 
factor B/b used in analysis of other systems. 
The important feature to be noticed is that 
demodulated signal-to-noise ratio is not a simple 
function of bandwidth expansion as in the case 
of frequency and pulse-time modulations, but 
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can be made very large if N can be large. The 
value of N, the number of step values, is of 
course limited by the noise-barrier conditions, 
and the exact limitation must depend upon the 
nature of prevailing noise. 


10.2 CONSIDERATION OF NOISE BARRIER 


The step system appears to be different from 
any other transmission system in that constants 
can be chosen that make the noise barrier or 
breakdown threshold a very serious considera- 
tion, even when only a very moderate bandwidth- 
expansion factor is used. In other words, the 
enormously improved suppression of the only 
type of noise that can have much practical 
significance in most transmission systems is 
attained only at the expense of reduced factor 
of safety against what has previously been con- 
sidered as a breakdown effect. However, it is 
usually found that a design that has equal limita- 
tions imposed by two or more separate effects 
is more economical than one which accidentally 
avoids all but one of such limitations. 

It is beyond the scope of the present study, 
to consider the exact optimum design for a step- 
modulation communication system, in which 
normal and breakdown noise impose equal limi- 
tations, but approximations will enable us to 
draw useful conclusions. 

As previously stated, in the case of completely 
random noise, the peak value will exceed the 
root-mean-square value by a factor of 4.4 for 
only one part in 100,000 of time. For communica- 
tion in which ultimate signal-to-noise ratio is 
moderate, the occasional breakdown caused by 
peak noise can be permitted, and we may assume 
an effective peak to root-mean-square ratio for 
noise that is not greatly in excess of 4.4. 

In considering the performance of step modula- 
tion, this factor becomes significant in a de- 
termination of the maximum number of un- 
ambiguous values that can be transmitted in a 
single channel, and also in the number of coding 
channels that can be used, causing the noise 
barrier to assume a dominating importance 
despite the use of a small frequency band. We, 
therefore, introduce the factor » to define the 
ratio of effective peak to root-mean-square noise 
in a transmission bandwidth equal to that of the 
information wave. 








10.3 VARIATION OF SIGNAL-TO-NoISE RATIO 
WITH BANDWIDTH-EXPANSION FACTOR 


On splitting the available signal power into n 
equal parts for division among separate chan- 
nels, channel maximum signal to root-mean- 
square noise ratio=Sssp/V¥n and maximum 
signal-to-peak-noise ratio= Sssp/(pvVn). 

In each channel, the available power may be 
used to provide N instantaneous values, this 
being achieved without ambiguity provided that 


Sssp 
N 1}- 
<(SE+ ) 


The total number of combinations of the 
simultaneous ” values = N”, and the demodulated 
maximum signal-to-peak-noise ratio S= N*—1. 

The maximum value of this function corre- 
sponds to the maximum value of N, which is the 
integral value between 


Sssp Sssp 
— 1 1 }- 
a“ (G+) 


Therefore, maximum possible signal-to-peak- 
noise ratio S approaches very near to 


Sssp ook 
(syett) —1 

This function is plotted in Fig. 1 for various 
values of Sssp/p. 

The expression is valid for both the normal 
step-modulation system, and also for the modi- 
fied system in which the fine-detail channel is 
transmitted as an exact value. In the latter case, 
however, effective peak to root-mean-square 
noise is equal to p, so we can state that maximum 
possible signal to root-mean-square noise ratio 
is not greater than 


Sssp Fe 
x 4-1) —1}]- 
. [e- )-] 
In this expression, the number of channels 


m represents the bandwidth-expansion factor 
B/b, as used in earlier sections. 














10.4 MAximum SIGNAL-To-NoIsE RATIO FOR A 
GIVEN AVAILABLE POWER 


The expression derived in the last paragraph 
appears, at first sight, to permit unlimited ex- 
pansion of bandwidth and signal-to-noise ratio. 





ro == —-—= ss» 
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This, of course, is not true, the formula being 
valid only when channel signal-to-noise ratio is 
greater than unity. Thus Sssp/pvVn>1. 


Hence, 
— (=) 
max p 


and maximum signal-to-peak-noise ratio 





Sisex = 2(Sssp/p)? — 1 


= 2nmax— |, 


The function Sax is plotted in Fig. 1 against 
Nmax and this serves to show the maximum ex- 
pansion of bandwidth possible, and the maximum 
possible signal-to-noise ratio obtainable for a 
given available power of transmission. 


11. Bandwidth Compression 


11.1 THEORETICAL PossIBILITY OF BANDWIDTH 
COMPRESSION 


The possibility of coding speech so that the 
normal information or meaning may be trans- 
mitted in a smaller bandwidth is very well es- 
tablished. Such methods, however, either leave 
out some characteristics of the voice, which may 
not be of importance in the sense that exact 
accent may not be required, or else the speech 
waveform may be assumed to have particular 
characteristics that are specially favoured by the 
transmission method chosen. This technique is 
outside the scope of the present study and can- 
not be considered, academically, as better than 
bandwidth reduction by reduction of frequency 
fidelity. 

Early attempts at true bandwidth compression 
have usually been undertaken with the object of 
noise reduction, and this may be why no success 
has been achieved. 

Earlier sections of this paper have established 
that signal-to-noise ratio may rise rapidly with 
increase in bandwidth, and also that with a given 
amount of power and bandwidth, signal-to-noise 
ratio can be raised by reduction of rate of trans- 
mission of information. Surely, then, if we in- 
crease rate of transmission of information in a 
given bandwidth, or if we maintain the rate of 
transmission in a reduced bandwidth, we must 
expect to reduce signal-to-noise ratio. 
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Fig. 1—Performance curves for step modulation. 


Sssp 
s=(%2843) 1. 
pwn 
Smax =2"—1. 


When n=1, S=Sgcp/p as for single-sideband trans- 
mission. 


It is evident from earlier sections of this paper 
that rate of transmission of information is not 
inherently limited by bandwidth. The amount of 
information that can be transmitted, when using 
a suitable code, depends not only upon the num- 
ber of units of information per second (defined 
by bandwidth), but also upon the number of 
kinds of units, defined by signal-to-noise ratio. 
To transmit a waveform such as speech through 


a narrow band, we must evidently modify our 
speech waveform to have a smaller number of 
units per second, and to compensate for this, 
the quality or number of kinds of units must be 
increased. 
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This is the statement of principle expounded 
by the author in a discussion with A. H. Reeves 
in 1941, when the latter at once suggested, 
“Surely, then, all we need is the exact inverse of 
the step system,” and proceeded to explain the 
exact mechanism for inversion. 

Stated simply, if signal-to-noise ratio is such 
that by single-sideband transmission, 100 sepa- 
rate values can be transmitted without am- 
biguity, then these values could be coded to 
indicate all possible combinations of pairs of 
values of a set of 10 possible values. Thus, the 
rate of transmission of units may be halved if 
quality of unit is allowed to suffer. By this 
mechanism, bandwidth may be halved if signal- 
to-distortion ratio is allowed to fall from ap- 
proximately 40 to about 20 decibels. 


11.2 INVERTED STEP SYSTEM 


An examination of Fig. 1 shows signal-to- 
noise curves extending on both sides of the 
single-sideband abscissa of bandwidth. This 
extension will be found to be perfectly valid if 
the horizontal scale is considered to be marked 
in effective bandwidth. In other words, if actual 
bandwidth is maintained constant and only 
half the pulse periodicity is used, effectively 
filling only half of time, then no assumptions are 
necessary for establishment of validity. 

If it is desired actually to transmit a waveform 
in truly reduced overall bandwidth, we must 
pause to consider the effect of reduction of band- 
width on effective noise peak voltage. 

For purely amplitude-modulated noise or im- 
pulse noise, the noise peak is proportional to 
bandwidth, and such an assumption would 
permit a better signal-to-noise ratio than is 
shown by the curves for bandwidth compression. 
For purely frequency-modulated noise, by which 
we mean noise concentrated in a very small band- 
width and very slowly sweeping over the fre- 
quency spectrum, then noise peak is substan- 
tially independent of bandwidth, and reduction 
of signal-to-noise ratio must be more serious 
than the curves indicate. For completely random 
noise, in which effective noise peak is propor- 
tional to the square root of bandwidth, the 
curves are valid for expression of signal-to-noise 
variation with true physical bandwidth. 

The above conception does not, of course, 
deny the possibility of true bandwidth compres- 


sion without assumptions with regard to noise, 
but a new set of curves would have to be pro- 
duced, showing a rather more pessimistic per- 
formance for bandwidth compression. For the 
purpose of the present paper, we confine atten- 
tion to effective-bandwidth reduction in which 
true bandwidth is not reduced, but the number 
of channels in a given bandwidth may be in- 
creased without theoretical limit. 

The theoretical possibility of bandwidth com- 
pression is interesting from an academic stand- 
point, but it is very doubtful whether it can 
provide a useful engineering result. Quite apart 
from the difficulties involved in production of 
practical equipment, current problems would 
appear to favour a slight increase in bandwidth 
from the basic single-sideband system, rather 
than reduction, to provide satisfactory signal- 
to-noise ratio with economy of power. 


12. Step Modulation as an Ideal System 


Examination of signal-to-noise formulae de- 
veloped for various communication systems sug- 
gests that there are two systems of outstanding 
efficiency of transmission, in their ability to use 
a given power and effective bandwidth to set 
up the greatest signal-to-noise ratio at the re- 
ceiver output. These systems are the intermit- 
tent frequency-modulation system of Section 5.4 
and the step-modulation system. 

In terms of effective bandwidth, the inter- 
mittent frequency-modulation system appears 
to give the better result in some circumstances, 
but in terms of the same total bandwidth: the step 
system is always superior. The frequency- 
modulation system appears superior (for con- 
stant effective bandwidth), if the prevailing 
noise is of the type in which effective peak to 
root-mean-square ratio is not increased by band- 
width expansion, as is the case for completely 
random noise. In the case of impulse noise, how- 
ever, in which noise peak is proportional to band- 
width, the frequency-modulation system is very 
limited in expansion of total bandwidth. 

Confining attention to the use of the same 
total bandwidth, it seems certain that the step 
system represents the most efficient system 
known, and in view of the fact that it appears to 
utilise every possible feature of communication 
efficiency, one is tempted to wonder whether it 
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may represent an ideal that could never be sur- 
passed. In support of this suggestion, one may 
list the following features. 


A. The whole signal power is used to produce sidebands 
or information-bearing power. 

B. Effective bandwidth is controllable for adaption to 
noise conditions. 

C. Signal power uniformly loads the frequency band 
occupied. 

D. Signal power uniformly loads the dimension time, 
hence minimising total bandwidth. 

E. Given a fixed bandwidth, constants may be chosen 
so that normal noise and breakdown noise impose equal 
limitations. 

F. It is interesting to consider the feature of reversi- 
bility of the process of bandwidth expansion and com- 
pression. It is likely that the most efficient system possible 
is capable of inversion, yet if so, there is only one reversible 
system. Inversion, without grave discontinuity, of a sys- 
tem that gives an inferior performance on one side of the 
single-sideband standard would give a better performance 
than the ideal on the other side of this abscissa. Thus, if 
the ideal system is reversible, there is only one reversible 
system, the step system. 


In conclusion, though considerable evidence 
tends to set up the step-modulation system asa 
system of very high theoretical performance, 
it must not be assumed that it may eventually 
take the place of all others. Even if we confine 
attention to theoretical merit, the system does 
not dislodge single-sideband transmission from 


its position as a theoretical ideal, except when 
bandwidth available for transmission is in ex- 
cess of single-sideband requirements. The single- 
sideband system can be considered as a special 
case of step modulation, in which the bandwidth 
consumed happens to equal the information- 
wave bandwidth. It may be that nature’s 
choice of frequency bandwidth for the human 
voice is very fortunate, and that any highly 
developed communication system will find that 
this represents a natural optimum. 

In considering practical difficulties, we may 
note that the single-sideband system was unable 
to dislodge the use of simple amplitude modula- 
tion from many applications, and that the 
considerable complexity of signal-coding de- 
vices may well retard or prevent the use of 
step modulation even in cases where large band- 
width is available. We can only say, with 
certainty, that in any case where available band- 
width is very large, theoretical performance of 
step modulation is vastly superior to that of 
single-sideband working. 
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New Developments in Marine Radio Direction Finders* 


By H. BUSIGNIES 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


REVIEW of the past and present state 

of marine direction finding and a com- 

parison of its merit and fields of ap- 
plication with those of radar and loran are pre- 
sented. Although marine direction finders have 
incorporated all of the design and component 
progress made in radio in the last 20 years, they 
are still not only working on the same basic 
principles, but the means of achieving measure- 
ments are practically identical to those used 20 
years ago. Some of the reasons for this condition 
and factors that seem to limit further progress 
are reviewed. 

A number of suggestions for improvement are: 
use of other parts of the frequency spectrum, use 
of pulse transmissions to reduce night effects, 
direct-reading indication of bearings, and com- 
bination of distance measurement with bearing 
measurement to obtain a fix from only one beacon 
station. 


It seems important to compare the marine 
direction finder with the new radio aids to 
navigation that were developed during the war, 
as a means of determining the causes for what 
seems to be an over-stabilization of design; and, 
as indicated by the title of this paper, to survey 
possible new developments in the field that may 
make the marine direction finder a still more 
useful instrument of navigation. 

The technique of the simple loop direction 
finder operating on medium frequencies is now 
too well known to justify repetition in this paper. 
Also well known are propagation effects,! devia- 
tions caused by the ship’s structure, and devia- 
tions due to other causes. 


* Presented before the International Merchant Marine 
Radio Aids to Navigation Conference, New London, 
Connecticut; April 30, 1947. 

1H. Busignies, “Evaluation of Night Errors in Aircraft 
Direction Finding, 150-1500 Kilocycles,” Electrical Com- 
munication, v. 23, pp. 42-62; March, 1946. 





1. Evolution and Present State of the Art 


The direction finder its the oldest radio aid 
to navigation. In the form of either the small 
rotatable loop or, before that, the large, fixed, 
crossed loops, the direction finder was the first 
instrument making use of the directive proper- 
ties of electromagnetic waves to determine the 
direction of arrival or origin of a radio trans- 
mission. Early disclosures before World War I 
give the names of Stone, Bellini-Tosi, and Blondel 
as among the first to invent, propose, and try 
radio direction-finding systems. Later, Watson- 
Watt, Mesny, Adcock, Smith-Rose, and many 
others continued to establish the foundations of 
the new science by studying propagation and 
polarization effects, deviations, reflections, and 
other transmission vagaries. 

Both fixed and mobile direction finders have 
been or can be designed to cover all of the 
frequency spectrum in which radio transmissions 
are made. Indications are very often obtained in 
a direct-reading manner, as through a mechanical 
pointer on a fixed scale (aircraft radio compass) ,” 
or in an instantaneous manner on the screen of a 
cathode-ray tube (fixed high-frequency direction 
finder) .*:4 

The marine direction finder for shipboard in- 
stallation became practical with the availability 
of radio amplifiers after World War I. In the 
United States, the early work of F. A. Kolster, 
who in 1913 was already advocating the installa- 
tion of shore radio beacons, resulted in a demon- 
stration of the radio compass and position finder 
on board the U. S. Lighthouse Tender Tulip in 


2H. Busignies, ‘‘The Automatic Radio Compass and Its 
Applications to Aerial Navigation,” Electrical Communi- 
cation, v. 15, pp. 157-172; October, 1936. 

3 “Electrical Communication: 1940-1945,” 
Communication, v. 23, pp. 214-216; June, 1946. 

4H. Busignies, ‘Applications of High- Frequency Solid- 
Dielectric Flexible Lines to Radio Equipment,” Electrical 
Communication, v. 22, n. 4, pp. 295-301; 1945. 
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June, 1921.5 In 1923, marine direction finders 
were placed on the market by the Federal Tele- 
graph Company of Palo Alto, California.* They 
consisted, basically, of a rotatable shaft that 
carried a loop and a pointer moving in front of 
a magnetic-compass dial. Remarkably enough, 
despite all progress made in radio since that time, 
all marine direction finders now on the market 
in the United States consist basically of hand- 
operated rotatable loops; the pointer actuated by 
the loop shaft moves in front of a fixed scale or 
a scale controlled by a repeater from the gyro 


5 F. A. Kolster and F. W. Dunmore, ‘‘The Radio Direc- 
tion Finder and Its Application to Navigation,” Scientific 
Papers of the Bureau of Standards, No. 428; January 16, 
1922. 

6F. J. Mann, ‘‘Federal Telephone and Radio Corpora- 
24, pp. 396-397; 


tion,” Electrical Communication, v. 
December, 1946. 





First marine direction finder placed on the market by Federal Telegraph Company 
for commercial use in 1923. A similar instrument was demonstrated by F. A. Kolster 
in June, 1921, on board the U. S. Lighthouse Tender Tulip. 





compass.’ These direction finders cover the fre- 
quency range of 285-315 kilocycles per second 
assigned to this service. The frequency range is 
often extended to 500 kilocycles to permit taking 
bearings on ships and fixed stations transmitting 
within this extra band. The bearing of the radio 
beacon is determined from the signal nulls corre- 
sponding to the well-known figure-of-8 directiv- 
ity pattern of the loop collector. Proper design, 
including balance of the loop and sensitivity of 
the receiver, determine the sharpness of the nulls 
and the quality of the direction finder. Devia- 
tions caused by the ship’s structures, which may 
run as high as +15 degrees, are compensated by 
a mechanical corrector in the form of a cam 
adjusted during calibration. The elimination of 
sense ambiguity is obtained through the trans- 
formation of the figure-of-8 diagram into an 
approximate _ cardioid 
diagram by combining 
the loop signal with 
that from a_ small 
vertical antenna. 

The modern marine 
direction finder of the 
rotatable-loop type, 
using either a tuned- 
radio-frequency or a 
superheterodyne_re- 
ceiver, is a reliable in- 
strument which, when 
properly calibrated and 
maintained, will pro- 
vide readings with an 
accuracy of +1 degree 
over 70 or 80 percent 
of the bearings, and 2 
or 3 degrees for the 
rest of the bearings. 
Ranges up to 100 or 
150 miles on medium- 
power beacons are cur- 
rently obtained. Recali- 
bration after months of 
use will not show more 
than 0.5- to 1-degree 


7E. H. Price and W. J. 
Gillule, ‘“‘Marine Naviga- 
tion Aids,” Electrical Com- 
munication, v. 22, n. 1, pp. 
56-69; 1944, 








difference from previous calibrations, if the 
superstructure of the ship near the loop is not 
modified. 

Abroad, the principle of fixed loops and ro- 
tatable goniometers of the Bellini-Tosi type has 
often been used, as well as the rotatable-loop 
principle. 

Efforts were made as early as 1926 to produce 
automatic direction finders requiring only tuning 
of the receiver to the desired radio beacon for 
the position of a needle on a scale to indicate 
the bearing directly. In 1929, a direction finder 
of the automatic type, developed by the labora- 
teries of the International Telephone and Tele- 
graph System in Paris, was demonstrated on a 
small private ship in Mediterranean waters. It 
furnished a direct 360-degree indication without 
sense ambiguity. A few years later, about 25 such 
automatic direction finders were installed for nor- 
mal service on ships of the Portuguese navy. 
While considerable maintenance was required, 
the principle of automatic operation without 
sense ambiguity was completely achieved. De- 
spite these early efforts, no marine direction 
finder of the automatic type is presently in prac- 
tical use, so far as current information indicates. 
This is undoubtedly due to two causes: 


A. The apparatus built by the first experimenters was 
costly and probably too complicated for normal main- 
tenance. 


B. The simplicity of operation and reliability of the 
rotatable-loop direction finder was such that there was 
very little incentive to change to the automatic type. 


Simplicity is probably also the factor that 
limited the application of more complex radio 
beacons, such as those using pulse transmissions, 
to provide discrimination between direct and 
ground waves, thus eliminating part or all of the 
night error that limits the direction-finding range. 
Considerable research and design work in high- 
and ultra-high-frequency direction finding was 
done prior to and during World War II. This 
resulted in a considerable improvement in the 
operation of fixed high-frequency direction find- 
ers. During the war, the United States Navy 
installed an important net of such stations, which 
are now operated by the U. S. Coast Guard. 

The Army Air Forces and the Air Transport 
Command also installed hundreds of instantane- 
ous cathode-ray-indicator direction finders, pri- 
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marily for guiding and rescuing aircraft, before 
any other long-range navigational system was 
available. On the eastern seaboard of the United 
States, a net of SCR-291 direction finders can 





Present type direction finder for merchant marine use. 


be alerted in case of need. Medium-frequency 
Adock, fixed, direction finders capable of high 
accuracy at night are also available. 

The night effect is the main limitation on 
medium-frequency direction finders of the loop 
type. Direction finders, of course, are not the 
only radio aids to navigation that suffer from the 















effects of sky waves re- 
flected by the E and 
F layers of the iono- 
sphere. Solutions to the 
problem of night effect 
that have been applied 
to shore direction-find- 
ing stations have not, 
so far, been applicable 
to shipboard installa- 
tions, because of the 
size and disposition of 
the antenna system. 
Night range is, there- 
fore, limited to some- 
thing of the order of 
50 miles. In the last 
part of this paper we 
will return to this prob- 
lem and discuss pos- 
sible improvements. 

In summary, the first 
radio aid to naviga- 
tion, the marine direc- 
tion finder, is a reliable 
and simple instrument, still making use of the 
rotating loop and a means of indication of the 
same type as was used 20 years ago. 


2. Comparison of Merit and Field of Appli- 
cation with Radar and Loran 


As a result of the inventions and progress 
made in such pulse-timing systems as radar and 
loran during World War II, the marine direc- 
tion finder seems to be subjected to considerable 
competition. The opinion that the direction 
finder might become unimportant gained some 
momentum at the end of 1945 and during 1946, 
when the first information on the new radio aids 
was released. At the present time, the situation 
is much clarified; the performances of radar and 
loran are well understood. A detailed examina- 
tion of fields of application shows that marine 
direction finders, marine radar, and loran are 
complementary systems, solving different prob- 
lems of navigation with advantageous overlap- 
ping in some cases. 

Marine radar is a short-range radio aid to 
navigation, primarily useful for anticollision 
service, and for pilotage near the shore or at the 
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First automatic direction finder developed for experimental work in 1928 by the 
Paris laboratories of the International Telephone and Telegraph System, and tried out 
on a ship the same year. This direction finder indicated spontaneously on a moving 
scale the direction of a radio transmission without any ambiguity and throughout 360 
degrees. It was the first automatic direction finder developed. 


entrance to and inside of harbors. A range of 10 
to 20 miles (16 to 32 kilometers) is a reasonable 
figure for its use in these applications. 

Loran, on the other hand, is a medium-range 
(400-mile or 645-kilometer) accurate navigational 
system, the shipboard operation of which requires 
somewhat more time and more training than the 
direction finder. The main question is one of 
world availability and standardization of loran 
signals, as operators will have to contend with 
stations installed in foreign territories in many 
instances. 

Therefore, the marine direction finder, with a 
day range of the order of 150 miles, is a very 
excellent intermediate-distance aid to naviga- 
tion that can bring a ship, with desired accu- 
racy, within the range of operation of marine 
radar.. The advantage of the direction finder for 
intermediate-distance navigation is simplicity, 
ease of maintenance, availability, and the rela- 
tively small cost of the radio-beacon ground 
stations. About 190 radio beacons are installed 
on the shores of the United States and around 
the Great Lakes. Another 150 are operating 
throughout the rest of the world. Many countries 
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can increase the services made available at their 
shorelines at moderate expense. 

We shall conclude this section by repeating 
the more or less accepted opinion that marine 
direction finders, radar, and loran are comple- 
mentary systems; that availability of loran 
transmissions will certainly be the largest factor 
in determining its generalized use; and that the 
operation of radar in collecting its information 
independently of ground or other ship coopera- 
tion is the essence of its assured success. 


3. Present Crystallization of Design 


In the first section, showing briefly the evolu- 
tion and the present state of the art, it was 
stated that the present marine- 
direction-finder designs are more or 
less crystallized around the prin- 
ciple of the hand-controlled rota- 
table loop, and that the means of 
measurement by observation of the 
nulls of the figure-of-8 directive 
pattern is the same as was used 20 
years ago, despite the extraordinary 
development of radio communica- 
tion and radio navigation during 
the same period. The art of direc- 
tion finding as a whole has pro- 
gressed during the war to the point 
where techniques and instruments 
are available or could be made 
available in the entire frequency 
spectrum of radio waves; studies 
have also been made that greatly 
improved our knowledge of propa- 
gation. Indicating means have been 
considerably improved; the auto- 
matic aircraft compass equips 
almost every aircraft, the large air- 
planes even carrying two or three 
such instruments. Shore direction 
finders employ cathode-ray tubes 
for instantaneous presentation of 
bearings. Ultra-high-frequency di- 
rection finders are used in connec- 


Moreover, investigation of the ap- 


revealing; the field of direction 
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. ; ; A commercial version of 
tion with airport traffic control. the completely automatic ma- 
rine direction finder installed tion finders leads us to reject that 
; ; : on a number of ships between 
plicable patent literature is most 1931 and 1934, developed and 


of the International Tele- 
finders has not been neglected by phone and Telegraph System. 







inventors. There seems to be no relation between 
the crystallization of design and the very large 
number of systems that have been invented. We 
shall list below the factors that seem to limit 
introduction of new designs and ideas in marine 
direction finding: 


A. Reliability and simplicity of the present design. 

B. Availability of a world-wide system of marine radio 
beacons. 

C. Simplicity of the ground ‘beacons and their conse- 
quent inexpensiveness. 

D. Reluctance and difficulty of introducing changes in 
the existing world-wide radio-beacon setup. 

F. Also, perhaps, the concentration of the attention of 
laboratories and manufacturers on the problems of radio 
aids to air navigation. 


4. New Approaches by a Defi- 
nite Departure from Existing 
Solutions 


Let us next consider whether we 
have reached a situation where 
further progress can be obtained 
at reasonable cost, or whether some 
new approaches can make the direc- 
tion finder a still more useful and 
attractive instrument for naviga- 
tion. 


4.1 FREQUENCY 


It might be questioned whether the 
present frequency range of 290-310 kilo- 
cycles is the most advantageous for this 
service, or could the use of another part 
of the frequency spectrum result in im- 
proved performance with respect to ac- 
curacy, range, or reduction of the night 


effect? 


Lower frequencies are eliminated 
because their inherent character- 
istics increase the cost of ground sta- 
tions and the pressing demand for 
such frequencies by other services; 
therefore, higher frequencies are 
suggested. Experience in the field 
of shipboard high-frequency direc- 


portion of the spectrum for this 


built by the Paris laboratories application. Ultra-high frequencies 
would definitely be free from night 
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effect, but the range would be limited to line-of- 
sight conditions; the ultra-high-frequency wave 
collector would have to be installed on the top of 
the ship’s mast to obtain a 20-mile (32-kilometer) 
range from a transmitter a little higher than sea 
level. Despite the increase in accuracy and the 
elimination of night effect, it seems quite im- 
probable that these would compensate for the 
increase of cost and, more especially, for the 
shortening of the range. The incentive for any 
group to develop an ultra-high-frequency direc- 
tion-finding system on such a fragile foundation 
is certainly too weak for a manufacturer to ex- 
periment in that direction. 


4.2 INSTANTANEOUS DIRECT-READING INDICATOR 


Would an instantaneous direct-reading indicator of 
simple design sufficiently increase efficiency to make it 
attractive to ship operators and owners, and subsequently 
justify the effort necessary for its development and 
adoption? 


Navigation along the eastern coast of the 
United States, where beacons are arranged by 
groups of three on the same frequency and trans- 
mit sequentially by units of three minutes, tends 


to demonstrate that an instantaneous indicator, 
giving successively the bearings of the three 
stations, would be quite justifiable on the basis 


of simplification of procedure. A computer could 
be designed to facilitate either the recording 
or the plotting of the fix. The type of indica- 
tion should be such that a failure would be im- 
mediately detectable. It could be a mechanical 
pointer, a neon or other gas tube, or a cathode- 
ray tube; however, the simplest and most reliable 
instrument is to be preferred. In connection with 
such an indicating system, a null-seeking loop 
or goniometer, or a small continuously rotating 
loop or goniometer, is generally required. 

While a complete direction finder of such a 
type has not vet been installed for service tests 
on board a merchant ship, various components 
performing equivalent functions have been tested 
during other developments, and results proved 
their reliability. This will be an important factor 
in the choosing among the many possible solutions 
that offer themselves for direct-reading direction 
finding. The preferred solutions will be the use of 
instruments for which a good quantity of data 
on reliability is already available. Among such 
we find the null-seeking type of direction finder 
with mechanical pointer, the rotating loop or 
goniometer with cathode-ray-tube presentation, 
and the neon-tube or meter indicators. 

Other methods (those avoiding rotating 
parts) involve electronic goniometers or various 


Fixed shore station of high-frequency direction finders for aircraft operated by the U. S. Coast Guard. 
This direction finder makes use of instantaneous bearing indicators of the cathode-ray type. 
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Typical patterns of bearing indication shown under various conditions by the cathode-ray direction-finder indicator. 
A—Strong continuous-wave signal. B—Strong keyed continuous-wave signal. C—Weaker signal. D—Weak signal 
with noise. E—Modulated signal. F—Superimposed “direction”? and “sense” patterns for weak signal with noise. 


G—Noise only. H—Two simultaneously keyed signals. 


modulation schemes that eliminate the need for 
three-channel receiving systems. 

Generally speaking, whatever the method used 
to obtain the directive information through one 
receiving system, the indicator can be of any of 
the three most important classes just mentioned. 

Thus, there is room for ingenuity in design to 
satisfy the requirement for simplification of 
procedure. 


4.3 FREQUENCY STABILITY AND BANDWIDTH 


Could more frequency stability in the transmitter and 
receiver permit utilizing channeling principles, as in 
communication systems, or as proposed for other naviga- 
tional systems? 

The resulting simplification of the tuning of 
the receiver to the radio beacon should rightly 
be an added feature of a direct-reading direction 
finder. Stability has already been achieved in 
many beacons, and the cost of stability in the 
receiver could be kept reasonably low. 

This has another aspect: The bandwidth 
generally agreed upon in direction-finder re- 
ceivers at present is many times larger than 
necessary, even for the purpose of identification 
of the radio beacon. The audio-frequency modu- 
lation of the beacon is not basically required for 


bearing indications. Provided sufficient stability 
is assured in the transmitter and in the direction- 
finder receiver, the present bandwidth of the 
receiver could be divided by 10; which is equiva- 
lent to an increase of 10 times the transmitter 
power. Much further improvement would still 
be possible, but might require costlier design. 
Further advantage can be derived from this 
increase of sensitivity by increasing the accuracy 
and stability of the direct-reading direction 
finder. 

Very small bandwidths, of the order of 20 
radio-frequency cycles, are being tried in con- 
nection with present developments of long- 
range navigational systems. 


4.4 PULSE TRANSMISSION 

Could night effect be reduced by the use of pulse trans- 
mission? 

Pulse transmission for the purpose of dis- 
criminating between the ground wave and the 
sky wave was proposed and tested in Germany 
prior to the war. Expected results were obtained; 
the disadvantage being in the bandwidth required 
for the transmission. The circuits for separating 
the ground waves from the sky waves in the 
receiver would definitely be more expensive and 
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difficult to maintain than the simple circuits 
of the present receivers. Despite its promising 
aspects, this system would require a considerable 
amount of further development before a sound 
opinion could be formed concerning its practical 
value. It is still doubted that such an improve- 
ment, although resulting in increased range at 
night, would justify itself. However, the ques- 
tion would merit much more detailed considera- 
tion if advantage could be taken of the pulse 
transmission from the ground beacon for the 
purpose of distance measurement. 

Any such modification of the present radio- 
beacon system on a world-wide basis would meet 
with difficulties of application that can readily 
be imagined, and these would contribute to 
discouraging the inventor or manufacturer. 


4.5 DISTANCE-MEASURING SYSTEM 


Is the combination of the marine direction finder with 
some distance-measuring system desirable and/or possible? 


In air navigation, the R-Theta system has 
reached justified success due to many advan- 
tages, two very important ones being: 


A. A complete fix can be obtained from one station and 
supposedly from one transmission. 

B. The accuracy of a fix is the same at all points in 
the 360-degree coverage of each station. 


Distance-measuring equipment making use of 
ultra-high frequencies would not be of much 
assistance to the marine direction finder because 
its range is limited to line-of-sight. However, 
one can imagine a medium-frequency distance- 
measuring system using phase measurement of 
an audio-frequency modulation for the deter- 
mination of time of travel, and, therefore, dis- 
tance. The ship could interrogate the radio 
beacon on a medium-frequency channel assigned 
for that purpose; the audio-frequency signal 
received at the ground beacon would be re- 
transmitted through the beacon to the ship, 
where the audio-frequency phase-displacement 
measurement, resulting in distance indication, 
would be effected at the output of the direction- 
finder receiver. The drawback to this system is 
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A straight-line automatic bearing indicator applicable 
to most types of automatic direction finders. 


that only one ship at a time could interrogate the 
beacon; but this interrogation should not need to 
last more than a number of seconds for each call, 
and could be limited in time. An indication of the 
availability of the channel for such interrogation 
could be provided, with self-identification of trans- 
mission. This distance-indicating system could 
be introduced in the form of attachments that 
would not require world-wide acceptance before 
advantages are realized from the first installa- 
tions. Considerable developmental work would 
have to take place to solve such a problem prop- 
erly, and it is very doubtful that a private 
enterprise would decide to start such a project 
unassisted. 


5. Conclusions 


Among the possible improvements to the 
marine direction finder that may be recognized 
in the not-too-distant future are automatic indi- 
cation of bearing and a reconsideration of the 
stability and channeling of radio beacons. More- 
over, it seems that the combination of the 
shipboard direction finder with some form of a 
distance-measuring system would result in an 
attractive navigational scheme, upon the devel- 
opment of which some imaginative effort could 
be applied in the next few years. 





H. T. Kohlhaas, Editor, Retires 


H. T. Kohlhaas has retired 
after twenty-three years as 
editor of Electrical Commu- 
nication. Under his guidance, 
the magazine became a lead- 
ing contemporary technical 
journal of communication 
development. It is among 
the leaders in circulation 
outside the U.S.A. Mr. Kohl- 
haas’ retirement follows more 
than forty-two years with 
International Telephone and 
Telegraph Corporation and 
its predecessor companies. In 
addition to his editorship, he 
was assistant vice president 
of the Corporation and in 
charge of its Technical Publi- 
cations Division. 

From 1905 to 1922, Mr. 

Kohlhaas served in the West- 
ern Electric Company Labo- 
ratories (later Bell Telephone 
Laboratories) as an engineer, 
section head, and finally as a 
division head in the physical 
laboratory. In 1922, he was 
appointed executive per- 
sonnel assistant to the sys- 
tems .engineer of the Bell 
Telephone Laboratories. He 
was transferred to the West- 
ern Electric Company headquarters in 1924. 

In 1925, Mr. Kohlhaas was assigned to statis- 
tical studies and the editing of Electrical Com- 
munication for the International Western Elec- 
tric Company. Through the purchase of that 
company, he became a member of the staff of the 
International Telephone and Telegraph Corpora- 
tion. He edited Electrical Communication in 
London from 1937 through 1939 and, while 
there, served as publicity representative of the 
International Telephone and Telegraph Cor- 
poration and the International Standard Electric 
Corporation. He was appointed an assistant vice 
president of International Telephone and Tele- 
graph Corporation in 1945. 

Mr. Kohlhaas received a B.S. degree in elec- 


trical engineering from Cooper Union in 1907 
and later was awarded electrical engineering 
degrees by that institution and Brooklyn Poly- 
technic Institute. Mr. Kohlhaas is a Member of 
the American Institute of Electrical Engineers 
and a Senior Member of the Institute of Radio 
Engineers. He is also a member of the Norwegian 
Chamber of Commerce. 

Mr. Kohlhaas has agreed, at least for the 
present, to continue as consulting editor for 
Electrical Communication. This journal owes a 
great debt of gratitude to Mr. Kohlhaas and, 
while we wish him every enjoyment in his well- 
earned retirement, we also look forward to his 
continued interest and help as consultant. 

FRANK C. PAGE 
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as a student engineer, and was trans- 
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laboratories at Hendon in 1929. He was 
again transferred in 1932 to Standard 
Telephones and Cables, Limited. 

Associated with the development of 
Permalloy-type materials since 1927, 
he is at present responsible for develop- 
ment and engineering of magnetic ma- 
terials including dust cores, loading 
coils, and telephone-cable accessories. 
Mr. Buckley is in charge of the chem- 
ical and metallurgical laboratories at 
the Woolwich plant. 







HENRI BUSIGNIES 


Contributors to This Issue 


He is an Associate Member of the 
Institution of Electrical Engineers. 


HENRI BUSIGNIES was born in Sceaux, 
France, on December 29, 1905. He 
received the degree of Electrical Engi- 
neer from Paris University in 1926. 

On completion of his military service, 
he entered the Paris Laboratories of the 
International Telephone and Telegraph 
Corporation in 1928. Until about 1940, 
Mr. Busignies traveled to Italy, Spain, 
Switzerland, England, Africa, and the 
United States in the interests of the 
company. Since 1940, he has been an 
executive engineer and is now the 
Director of Federal Telecommunica- 
tion Laboratories in New York city. 
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then joined the staff of engineers organ- 
ized by General Ferrié at the Etablisse- 
ment Central de la Radiotélégraphie 
Militaire. He was in charge of research 
on high frequencies from 1920 to 1925. 

In 1929, Mr. Clavier joined Les 
Laboratoires Standards in Paris which 
later became Laboratoire Central de 
Télécommunications, and has been con- 
tinuously engaged in research on centi- 
meter and millimeter waves. He was in 
charge of the experiments which, in 
1930, resulted in 17-centimeter-wave 
transmission across the English Chan- 
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nel and of the developments for the 
Lympne-St. Inglevert microwave radio- 
telephone link, which was inaugurated 
commercially in 1934. He was assistant 
director of research in 1945, when he 
was transferred to Federal Telecom- 
munication Laboratories in New York, 
where he now holds the same position. 

He has published extensively on high- 
frequency oscillators, wave guides, and 
general electromagnetic theory, and has 
taught field theory and applications of 
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Supérieure d’Electricité. 

Mr. Clavier is president of the sec- 
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